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PREFACE

The investigations of the air flow across the Sierra Nevada were
stt.rted at UCLA in the late suvmer of 1950. Preliminary experimental
field investigations with sail planes were made in tne Owens Valley during
the winter of 1950-51, and a more fully developed field program was car-
ried out during the following season, 1951-52. This work was undertaken
Jointly by a number of cooperating agencies. The tec, nical aspects of
the work have been described in ecrlier technical reports. A surmary is
given in the final report of the Sierra Wave Project, Contract No. AF
19(122 )-263 which was issued in July 1954. This report also discussed
the -!-,-1,atlon and reduction of the observational data as far as it had
been completed at tnu .

The further analysis of the observations and the synoptic an&.L L
of the cross-mountain flow patterns were continued under the present con-
tract and the results are discussed in this final report. Also included
(Chapter 6) is a discussion of the observations from a later field in-
vestigation in the spring of 1955, which was undertaken under a seplarate
project, Contract No. 19(C60)-1308. The analysis was carried out Jointly
by Harold Klieforth and Eirnr Hovind. The major part of the report which
describes and discusses the data reduction and the analysed flow patterns
has been vi itten by KIlicforth. The observed turbulence and the flight
hazards of mountain waves are discussed by Kuettner in Chapters 10 and
11. A review of the linear theory of stationary cross-mountain flow, in-
cluding comparison oj' the theoretical models with the observed flow
patterns is given in Chapter 12 by Holmboe.
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1. TilE aBSMUVTI0ILL ahTA

Introduc t ion.

in this chnpter is Presented a review of the observations made on the
three field expeditions of the Mountain Wave Project from 1951 to 1955, in-
clusive. All of the exrlorations were conducted over and in the vicinity of
the southern or High Sierra in eastern California. The various equirent and
observational techniques, particularly the use of sailplanes, have been dis-
cussed in detail in previous reports of The Southern California Soaring Associ-
ation (S.C.S.A.) in 1952 and the Meteorology Department of the University of
Ci ,ii at Lt_ ....--..... (i I T.. A Il ; ...4 and IC)5, In the Lflmj-]rG Occ-
tions are suzrar ies of the data with mention of where they are treated •n
later chapters. A brief description of the study region is given first.

PVhy nrhy of the Southern Sierra and Ovens Valley region.

The Sierra Revadn iv a single, unftoken mointain range with a length of
abcut 400 miles and a width varying from 30 to 80 miles (Fig. 1.1). Although
the range extends roughly northwest-southeast between latitudes 350 and 400
North, the =.in crest of the High Sierra which borders on Owens Valley is only
about 140 from a north-south orientation. In this southern portion of the
range the crest is the highest, generally about _2,00-0 feet, and with nt~mz-ous
peaks rising over 14,000 feet. There the eastern scarp is most abrupt, it is
remarkably straight, and the (Xens Valley, to the east at an average elevation
of about 4,000 feet, is of nearly uniform width (Fig. 1.2).

In form, the southern Sierra profile is strongly asymmetric; its Ap-
pearance has been likened to that of a huge ocean wave rolling in from the
west. The western slope rises gradually in rolling foothills from the San
Joaquin Valley to the jagged peaks which form the crest of the range. The
eastern front, one of the greatest escarpents in the "zorld, towers high above
the Ovens Valley. The San Joaquin, Kings, the Kern, and other rivers have cut
deep canyons on the western slope while on the eastern slope there are shorter,
steeper canyons. The high country has been sculptured by glaaiation and in
many, of the eastern valleys glacial moraines reach nearly to the Valley floor.
Volcanic activity has formed a slight constriction of lava flows and cinder
cones in the central portion of the Ourens ValleV.

The east vall of Owens Valley is the large fault-block range known as
the Inyo Mountains to the south of and the White Mountains to the north of
7,000 foot Westgard Pass. The Inyo Mountains have an average elevation of
9,000 to 11,000 feet, while the White Mountains, rivaling the Sierra in height,
culminate in 14,2514 foot 1.1hite Mountain Peak just northeast of Bishop. The
western slope of these desert mountains is a fault scarp at the base of which
the Valley reaches its lowest elevation. The floor of the eastern side of the
Valley is fairly level but on the vestern side it rises in a bread alluvial
apron to about 6,000 feet where it meets the steep flanks of the Sierra (Fig. 1.3).

Near Bishop there iz i jog ini the Sierra crest; the highest peaks are
much farther west and the Valley widens considerably. In this, the northeaii
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end of Ovens Valley, the Sierra crest is about 25 miles vest and the White
Mountains about 10 miles east of the center of the Valley. In the central
portion of the Valley near Independence - the region in which the aerial ex-
plorations of the Project were made - the width of the Valley is about 10
miles and the distance from the crest of the Sierra to the crest of the Inyo
Mountaiiis is about 18 miles (Fig. 1.2). In the latter region the relative
uniformity and simplicity of the topographic profile make it nearly ideal
for the investigation of lee wave phenomena. For an east-west canyon along
which to Leasure lee side pressures and down-slope winds, the topography was
less favorable; the valleys which drain the east side of the Sierra are nar-
row, steep, curving, and quite unlike the broad, straight glacial valleys of
the Alps where tae classical f~hn observations were made. The valley of
Independence Creek, vest of Independence and east of Kearsarge Pass, was
chosen.

Sailplane measurements.

The principal tool of research on all of the field projects of this
investigation has been the instrunented sailplane. The greatest assets of
the sailplane for this work are its relatively slcr. flylng speed, its in-
dependence of power, and its consequent ability to measure to a satisfactory
degree of accuracy the vzrtical and horizontal ccomponents of the wind
velocity. It was the scienze and sport of soaring flight that first explored
and made known the gross structure of the Sierra Whave and vhoie observations
instigated the initial Sierra Wave Project. The use of the sailplanes in
project operations, their instrumentation, and the data obtained from these
flights have been discussed in detail in earlier reports Liven as references
at the end of this chapter. Only a summary of that information is given here.

In the fall and winter of 1951-2 sailplanas were tracked &'- p-hts
in the lee flow of the Sierra by a network of 3 photo-theodolites, a radax
set, and a Raydist system. Upvind, dovnwind, crosswind, and hovering runs
and combinations of these were chosen to traverse the various parts of the
lee wave flow according to their practicability under different wind and
weather conditions, The locations of the tracking devices and the region
over which the flights were made are shown in Fig. 1.2. The Pratt-Read
sailplanes used (Fig. 1.4) were two-place, ha& r. wingspread of 50 feet, and
a gross weight of about 1,400 pounds. The principal instruments borne by
the sailplane were a clock, altimeter, rate of climb indIcator, outside air
thersometer, airspeed indicator, direction indicator, and accelerometer
(Fig. 1.5). The dial of these instruments in the panel of the sailplane were
photographed at intervals of one or two seconds by 16 cameras mounted
behind and to one side of the heads of the two-man crew (Fig. 1.6). Basic
equipment of the sailplanes included a pressure orfgen breathing system,
instrument- flight equipment, radio comznication, barograph, -Ad, for the
crew, warm flying suits, parachutes, and oxygen masks. The - . tracking
measurements of the 3 theodolites and the radar set were recor. e• syn-
chronous photographs at 5-second intervals of the correspondiag ti . and
instrument dial readings. The Raydist tracking data were recorded as brush
xecordings of the Raydist system's electronic signals. From 26 November,
1951 to 30 March, 1952 there were 24 tracking operations and of these about
50 per cent of the cases have yielded useful data for analysis. A coplete
description of these data and their reduction are given in Chapter 2, and
the meteorological aralyses in Chapter 3.
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The very brief -ela . eato,1. n an 22 March to 6 A;ril, 1954 acco~liried
two i"ortant results which laid the groundork. or, mre Avprwiatv.J,
"airvrk" - for the 1955 investigation. First, a cbIned vave emploration
by a B-29 and a" sailplane on 29 March proved the feacibili';y of a nv measur-
i. . techr.ýque. Secondly, a sa lplaane flight on 4 A;rIl to 35,000 feet
altitude over the Owens Valley and the subsequent cross-country flight to
Lua Vegas established the existence and movment of "Jetlets" or travelling
vind speed maxima. The decisions to use powered aircraft in a more exterslve
field progrma and to investigate the relationship of the mountain wave to
wind velocity asxima formed the basis of the plan for the new project.

In the spring of )955 sailplanes were again employed for lee mave
observations, ncue of which were mad. in conVunction vith traverses by the
instrumented powered aircraft. The saiplante flights, which vere not tracked,
obtained vertical velocity umeasur•eents to be combined with the mesuments
of t4perature, &air speed, pressure, and 'ind obtain.ed by the powered planes,
Tsere vere three such combined operations and seveml other 4as on which lee
waves were explored by sailplanes alone and for which soundings and Observa-
tons we"e thus obtained. The majority of these flights reached altitudes

*~hrLb" 4O,0 ot ~~i~~ ~~~ U ~Ž-&onz tbe sallplane
data consist of films of the intrument panel and the reports mnd observations
of the crew.

lowerd aircraft data.

During the last two months of the 1952 season power plane flights with
an attached aeteorograph were made in the le.e of the Sierra. . 29-13 tow-
plane was used, taking off before a 1.lanned .xiilplane tracking flight, to
serve the dual purpose of ascerta-LIW the sxrength of the developing up-
drfts and collecting data in soundings and cross sections of the roll cloud
region. The standard aircraft instruments wart included In the obseawv's
cockpit panel. Other equipment installed ver an oxygea brething saste,
radio commnication, an intervalameter for recording time marks on the nete-
oroarsa, and a special thernistor-typ. thwummter with sensing element
mounted in the leading edge of one wing. Althouf% It was attemted to track

these flights with radar, t. e method proved Impa ticable and kovle4te of
space porltions vas al3st entirely dependent on the notes of the observer.
There vere 22 such flights made frix aid-February to the end of March 1952
and of these about 6 provide data from lee wave and roll cloud dereiqumntsa.
The basic, data are the neteorograms vitD 3VPlementary notes by the observer
giving synoptic records of time, altitude, temerature, air speed, rate of
climb, compass heading, positions over the terrain, and Jntar..tion as to
vben time marks were zade, the positions of clouds, and pbotogapa€c data.
These observations are treated in Chapter 4.

In 1955 meteorogrsph flights were also used, but the principal con-
tributions of powered aircraft to wave esloration vere the tecbnipes
employed by the B-29 and B-41 of Project Jet Streea. These Inastnanted
veather aircreft, earijer used for hurricane reconnaissance and Jet stream
exploration, made coordinated flights vith the sailplanes in strong lee wves
on tbree days in April, 1955. The traverses of these aircraft tbrough the
montain flow at altitu les fro m0,000 to 1.0,000 feet have provided the Most
comlete n3arly- synoptic cross sections of the moatain vave Including
importaut and hitherto missing ata on the structure of the flow %Wwund of the

"" '+,,•.lJ• . .. +-- - " - .,, +,,4, m l .. - "



l6

mountsIn rane, in the rod loud region, and in tae stratosphere. Both air
craft vere equipped with the new sut~aatic avigation eaizpmt which gives
continuous readings and recordings of the true wind, Th. rev data are In the
fo.a of aerograxms, film- of the instrument panels, wind ieasuraments, end
nv-.s if. t.io .Q-pilotl. TL'se -aye bren made -va.Vable to the Project for
integration with the sailplane maoma wnts and the 1sp-ucale surface and
uppr air cbservations of the region. Chapters 6 aA 8 are devoted to the
meteorological results of the 1955 field work.

!;loud RpotogWp~y.

A valuable supplimnt to the aerial measurements and synoptic ob-
servations is the file of notion pictures and itill pbotpaphs of cloud form-
tions end developments. Most of the mtion pictures were taken by time-lapse
camras in which ftemas were e3posod at one or two second Intervals thus arti-
rt e•llj spe...ing up the projectod rate of cloud mement by 16 or 32 times.
Studies of these film of vave and rojil c , u4 - ir,ý t irsl3 .
into the time variations of the air flow. Also, the best seoances of then*
films have beeL combined in-o docm:satary films which have been shr to thu-
sands of military and civilian pilots and thus have provided an educationsl
service of inestimala value. The still photograps - both black and white and
color transparencies - have been used as an integral part of tL* colete
synthesis of the available meteorological data for all tL cases studied.
Biwce these photogrophs vere tcunaleted by pertinent notes and are easlcable
to elemaentary tachni.es of photogreimntry, they pwrvids inSwatilon that is
aslo of amntitatIve value. IWustrations of clou phbanomea svear in Chap-
tere 3, 4, and 6.

other att,'2,cO.oial observations.

Several types of observations and measurments other than aircraft
flights and cloud ptogrepty v'ere made in the Sierra Neva"d nd Ovens Valley,
region for the purposes of the Mountain !ave Project. Observations which we
of great I•portance to the synortic studies were avalale from the network of
Uea~ar bareau and military mathebr stations In the surrounding region. 2bese
various types of data are listed and briefly discussed below.

Pilot bl dlm . One of the many valuable contributions of
tbe eeth- to the YroNeeT vas the program of ciouble-theo&,lite piat
balloon wind maesiirmeto at the Bishop Airport. Thae soundings were ben 1
In 1951, vwre taken twice daily (at 0700 and 1200 MOT) during the 191-2
sea*=,, end once daily (1200 M) in the spring of 1955. 2he data have been
used for the syoptic study of the air flow over the Sierra, the chane of the
vertical wind profile in the muntain flow, and as exhibit "A" of the errors
inberent In sinlge-theodolite co.itat ions in regions of large vertical air
currents. The latter subject has been treated ky Do Ver Colson (1M) of the
Veather bureau, using sme of the lishop observations. Several Uiek wind
sounags are repaoo.ced In 0, ar 1 and an oz le of the isfect in the 1
vmro on the balo 'a v•th is abv In Cb~ter Is.
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Radiosonde ascents from 8equola. Measuroments of the upper air tver-
ature, pressure, and relative ihuidity over the vindward slope of the Sierra
vere made at 1000 local time (POT) on 70 days of the period 5 D e, 1951
to 30 March, 1952. The balloons were released frm a station at odigepole
at an elenation of 6,760 feet In Sequoia N1ational Park by a toea of two
Weather Bureau observers. During the latter half of the period ind measure-
Dntt wre made on days when the observer could follov the radiosonde bal-
loon vith a theodolite. Several of the ascents were made new the time of
tracked sailplane flights and have been treated in the study of the diszurbe&
f1v rather than as being representative of "uprind," i.e., "undisturbed,"
conditions. ALI of the 70 soundings have been studied carefully and analyzed
with other observations from surounding stations since they provide rarely
obtainable data from a high elevation for a general investigation of mantain
flow and in particular the fl1w over the Sierra. Lofgepole soudings are
show and discussed in Chapters 3 and 4 and the observations are plotted on
the synoptic chmrts of Chapter 5.

Surface easuremnts from reenre trr t. i'jrfr-, rr-t

wi, Y W&urema in l i5± i eevei~i"Urog lceinvrous cabins in a
cro•s section of the floor of Ovens Valley and the eastern Sierra slope in
the sailpiane tracking area. These provide contin•u•us barogrms for the
period 18 Noveamber, 1951 to I tpril, 1952, with the exception of a few lapses
in the record3 of the highest stations when these vere inaccessible because
of severe snow storms. Other data from recording instruments of the 1951-2
season are anamgrrm fro thszanar near the center of ovens "'allay and, for
the last six weeks of the season only, thersograms from Hanzanar. It -W

also be added here that barogras and thergrms were available from the
Weather Bureau station at the Bishop Airport and have been used tor every
seaao of field operations. Surface messurewnwwt for selected cases are
an&alzed in Chapter 4.

During the Mountai. Wave-Jet Stream Project of 1955, no special baro-
graphs were employed because of the unavalabilty of the instruments and the
lack of additional permonnel to tend them. Rowever, for the period A1 April
to 2• Hay, 1955 a special network of five sensitive pressure variogreqphia s
placed in the form of a large cross with the center at the Bishop Airport.
Two of the other stations were on the eastern Sieae slope, one vest of
Bishop, the other west of Big Pine, another was in the Chalfant Valley north
of Bishop just west of White Hruntain Peak, and the fifth ws east of Bishop
at Deep Springs in the lee of the White Mountains. These instruments re-
corded changee of pressure at a fýequency of the order of 10 to 20 a•iwtes,
filtering out both local gusts and pressure changs asociated with the move-
ment of large-scale synoptic systems. While these variograms which are the
property of Project Jet Strom have not been enalyzed yet, they m later
provide soe interesting Information on travelling voves associated vLth
strong wind velocities aloft and, perhaps, on n•O•-steb'd- conditions of le
waves and the interaction of travellin and statiorary- waves.

Surface measurements from obile observations. For the some period in
the spring of 1952 during vhich the- meteoriiiph ?fiihts were inaugurted and
the number of barographs were increased, special observations at hAlf aile
intervals were sade across Ovens Valley to about 7,000 feet altitude on the
Slerra slope. These observations were made by 1r. Joseph Knox on 1.1 days of
February and March, 192, and, since the were selective with respect to the
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synaptic sltuatimo, all of the cases prowl"e valuable data to be used in ccn-
junction with erial meaurments and/or other meteorological observations.
The data consist of readings of altILeter, aneroid barometer, thermoeter,,
ar em.. ter, and notes and photogrphb of the cloud pheoixena. The value of
tnese mwsuremnts has increased since the re-survey of the area and the recent

lictio bythe U. S. Geological Survey of detailed topographic mas with
foot contour Interval and a scale of 1:62,50. 0Analyses of thes observa-

tions are included In Chapter 4.

Weather lgs. Daily records of local mateorological observations
were kept by the iteorologist In each of the three field spamas. These rec-
ords contain notes on cloud developmnt, special pbenuia, and iaformation of
the overall synoptic events. On the days of project fihts these notes were
expanded and formalized into veather reports with sections on the upper air and
surface synoptic situation and developnt derived from walyzed meps. and s&I-
niflcant local observatioas. They also include lists of photographs or tlne-
lapse otima pictures taken, and the mmber and times of flights, thus providing
both a brief description of the weather phenena and the data available for
wtit+,y. St.ee *he,., 6bsovet.os oertend over n period& then those of the
actual field work - the whole year or 1) is taus iuvu•-e, - LL.L 2-iGn rw4e
additional records of the frequency and seasonal distribution of stosmm, le
wve occurrences, and other weather phenomena.

. tlo, data. The project had .coas to the daily observations
mae at the Bishop Airport and retained for special days the circuit "A" tele-
ty'pe records received at Bishop. The teletype data giving horly and 3-hourly
surface observations froe California and Nevada stations we" used for aalyses
of synoptic saps and cross sections*. any of thee data were also retained in
the foru of plotted and analyzed surface ms prepared daily by the project &aW
or Weather Pureau meteorologists at the Bishop Airport. Other analyzed m=pe,
such s the facsimile charts rectived at the Bishop Airport during the 1951-2
and 1955 field operations and the DaIly Weather Naps, were saved for knovledge
of the large-scale situations and their evolution. Sore climatological data
have been used for detailed case histories of particular strms, particularly
the precipitation records for studies of orogrq €ic rain and awsfall. An
ew ple of the latter Is given in Chpter 5 In a section entitled 14 lffect
of the Sierra Nevada on a Pacific Storm."

Some valuable observations at nao- ynoptic times we pavlded by the
Navy. At the two White Mountain Researc blaboratories of the A&vy and the
University of California at 10,500 and 22,.(0 feetr respectively, about 10
miles rmrtboest of Bishop, daily records of preessre, toerature, bualdity,
vlnd, and weather at 800 PM wm-e recorded. At the Naval Ordnnce Test St&-
tion near Inyokern, about 130 miles south-southeast of Bishop, once or twice
daily radlosoade and pibal soundiags wae smd. Those data, taken at 0300 Iff
and smetimes also at 1000 1MT, woze used with those fram 1000 -M at White
Mountain on the aproprlate 0700 ]IT (1500 OCT) lisbasIc u•er air charts of
Chapters 5 and 6 as aides in synthesizing the contour field in the area of high
mountains.

The primary source of data for the largc-scale synoptic studi•es were
the Upper Air Dullettas and teletype records of rob.s and rains received and
filed at U.C.L.A. 2b6 recion of luterest for periods chosen for oarefLql eami-
ysis was the whole western United States vith eq*asis on the area enclosed by
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the Weather Bureau upper air soiznding stations at Medford, Oakland, 3anta
Maria, Las Vegas, and Ely (Fig. 1.7). These upper air data for the 1951-2
analyses are fr-m 1500 GCT (0700 PST) and 0300 OCT (1900 PST), and the more
ntarly synoptic of these w'th reaspect to the time of the flight usually pre-
ceded or followed the flights by three to six hours. From I December, 1951
to I March, 1952 6-hourly radiosonde and ravin soundings from Castle Air
Force Base at Merced provided extrmely imortaxit measureents of the air floy
over the Great Vail.e! 1med4ately west of the Sierra Nevada.

Hoever, the iiost complete overall synoptic upr air coverage was
that of the spring of 1955 when the flight operations fortuitously coincided
with the series of atonic bomb exqeriments at the Nevada Test Site of the
Atcaic Iner•y Domission (A.B.C.). During the period frcm mid-February to
aid..-ay, 1955, the five Weather Bureau stations mentioned above took observa-
tions thrice daily at 1500, 2100, and 0300 GCT as did the additional stations
in the A.B.C. network - Stea4 Air Force Base at Reno, TCnopah, Fresno, and
Camp Mercury. The network vas further asoented by other radioewnde stations
such as Tim and Uiwards Air Force Base and six special A.E.C. pilot bal-
loon stations at Frnace Cr..ek, r'eedles, Round Mountain, Beatty, Callente,
and St. George. (See map, F_3*. 1.7.) In addition to the greater density of
the network and the more frequent observations in coq arisom with the relative-
ly sparse upper air coverage of 195.-2, the far greater nmber of wind data
as a result of improved equipe.t is strikiag7y evident. Thus the most
clplete data for tbe synthesis of the l1ree-sca2s patterns of air flow over
the Sierra Nevada are those from the 1955 se.son.

Colson, D. (1952): Results of Double-Theodolite Observations at BisoWp,
Cal., in Conrection with the "Bishop-waye" e . Bull.
Amrn. Het. Soc., Vol. 33, So. 3, PP. 107-116.

Holabo*, 3., ad Klieforth, f. (19>4): Final Report, Sierra Wave 2roject.
Meteorology Department, UniYersity of California, Los Angeles.
A.J.C.LC. Contract AF 19(122)-263.

lieftorthb, N. (1955,: Final Report, Movntain Wlave-Jet Strem Project.
Meteorology Department, U.C.L.A. A.F.C..C. Contract
AF L9(60l4)-l3C8.

Saud*k, V., et a" (1952): 3Muntain Wave Project Report No. 3, October, 1951,
to October, 1952. Southern California Soaring Association, Inc.
m.teoroloW Dspertmnt, U.C.L.A. contract Al. 19(122)-263.
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Z. WLA RMBzCTIOM fR OI

" trcAuction.

This chapter deals pr•marily vith the re&ctior. of the flight and track-
irg data from the 1951-2 season although the discussion of sailplane data re-
duction is equal,- nplicable to that of the later field seasons. The first
part of the story dealirZ with the tracking data from phototheodolites, radar,
= Raydist has been placed in an Appendix at the end of this report. Pro-
cedures and sources of error are liscussed there vith soe detail as the
experiencer gained vith this kind of meteorological high altitude trackirg
of erratic targets may be of spe:ial value to future research programs.
Belov are treated the sailplane measurements and the - ;tegptiol and synthesis
of cracking and airborne data into .Pricary, meteorological fields. Dhe rel-
atively simple and straightfoxn.urd reduction and correctior. of other data
such as that from the meteo..o7-anz, barogrn , and soundinp' will be di3cused
briefly in later chapters i.here pertiznent.

Airborne measurements.

Instruents and data. A .notsraph of the sa.1piant instrument panel
is shown in Fig. 1.5 =n, in Fig. 2.1 is shown a sazpie frame from the film
exposed during one of the fligh'.s. The insatentation and flight procedures
of the sailplanes have been di3cussed at len•th in previous reports; as a
resue of the weteorologicfl!y suigrificant instruments, their indicated read-
ings, and the degree of acturacy to which it vsa possible to record the
readings frcm the film, the fohloving table is presented:

Instru-ent Indicatel resAina Units Read to nearest

air speed indicator air speed knots, mh t 1.0 knot

clock time hr, min, sec ± 0.5 a

altimeter altitude feet *20.0 ft

rate of climb (or rate of climb feet rin" 1  t50.C ft min- 1

sink) indicator (or sink)

direction indicator magnetic heading degrees ± 1.0 deg

theroeter air teuperature °C ± 0.5 °C

All of the sailt!ane :ilms for dhich there vere corresponding track-
ing data were read and recorded. The total flight tine of the sailplane was
limited by the oxygen supplý, of 4 hours and the time *'.ring tracking
operations by the 1j hour film supply in the two cameras. These ii .itations
were allowed for in Planning the operation so that where there exist



tracking data vithout sailplane data the loss of the latter can be ascribed to
failures in the photography of the instrument panel; either the film failed to
UJ.umport or it was unreadable entirely or in part because of poor lighting or
because of interference by parts of the clothing of the crew. To each of the
above six instrument readings except the time, which was adopted ma the stand-
ard for the flight, a series of corrections was applied to obtain the quan-
tities needed for integration with the trajectory data.

Symbols and notation. The following symbols and notation apply to the

airborne measurements:

t time, indicated and "true" in hours, minutes, and seconds.

Vi indicated air speed.

Zi indicated altitude.

(dZ/dt)l indicated rate of climb.

SI indicated campass heading ir degrees.

Ti indicated free air temperature.

2ý pressure altitude in the U. S. Standaxd Atmosphere.

T temperature.

a geographical heading in degrees (true north - 3600).

VA true speed of the sailplane with respect to the air.

VA sinking speed of the sailplane with respect to the air.

w.I "indicated" sinking speed of the sailplane corresponding to VI.

A altimeter setting in inches of mercury.

ci altimeter correction for instrument error end hysteresis, a function
of altitude and direction of vertical notion.

C,% altimeter correction for static errors, dependent upon altitude and air

speed.

p density.

PO density at dea level corresponding to STP: 760 Mm, 00C.

Time. While the reading of the instrument panel clock gave the official
time to vhich all the other instrument rtadings vere referenced, correlation
with the 5-second pulses of the tracking netVork depended =n the time of the
blackouts. The latter, given usually every two minutes, were indicated on
the instrument panel by a small light which was turned on by the observer on
the count down from the tracking control operator. Since the cameras took
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photographs at either one or two second intervals,, there vas the possibility

altitd reurdknweg of the altimeter setting useds the imtumat nt
cal-Lbration curvesp--two, according to whether the altituide vas InereasIng
or decre~aing--and the corrections for static pressure effect& which were
related to the air speed. Accardinglyp the flomu2a used was:

½zp Z +c1 +4c2 + 95 (29.92- A)

The altimeters were calibrated zt U.C.L.A. inediately after the field work.
Static pressure corrections were deteradned In calibration flights by the
Southern California Soaring Association (S.c .S.A.) and by laboratory tests of
the calibration equipment. Altimeter settings wee recorded by tLe abserver
and/or could be read from thle altimeter dial on the V'ila. 2ba were than
three calibration curves for tk~e altimeter,, two for cl, and one for c2 ; the
correction for altimeter setting was constant for the entire flight. In order
of magnitude,. c1 , which was as Uarge as +300 feet at 40..000 feet, was general-
ly larger than c2 vhicch varied from 0 to :!30 feet. The difference In kys-
teresis correction betveen accezt and descent vas of the order of 250 feet
at high altitudes. Th correction for altimeter setting vas smtiaes of the
order of 300 feet. Accuracy of the final result could not be definitely
kwwn but a careful estimate of possible random errors and the reading ac-
curacy suggest that the lar~gest absolute error would be *Wi feet at MeA level
and increasing to ±1130 feet at 40,000 feet. Relative errors from point to
point wee negligible except where the sailplane charnged ftva ascent to
descent or vice versa, and tuese disconatinuities were largely &simlnated by
sMoothing.

Tepraue One of the deficiencies of the sailplane instnamenta-
tion wam lýof a very accurate wad prweie thernoineter. 7hose used Iin

the project flights were of the thersocoUpl type consisting of a cpw
constant~x sensing element placed an the fuselage where dynamic beating
was negligible,, a thermo ice-in-vater bath, and an Indicator Udi al ich
could be read to the nearest 0. 50C. There wert three such Units Used, ali
of which were calibrated while zemved. from the aircraft &win& and aftar
the flight 555.500. 'jam uncertainty, of course'. exists about the effects
of airspeed,, radiat on, and low t.aeramturig of the Indicating sechmin.
D~ar ing the first few flights of the season a ho-pound thermistar..type, unit
vas used before Its weight caused it to be zinv'ed from the sailplanet. it
was considered accurate to *tC .20C and on ame flighrt wax s"in tgeether with
the most frequently used thermoouple imit, Tbese data provided a futher
chb~k and flight calibration of the latter. Considering the overall ac-
curacy, it Is estimated that the corrected tw~eratui-e is known to *l.5 0 C
absolute error; it is possible that in extreme cases the absolute accuracy
was less than this, say ±3.,DC,, but the intenaal. consistency of the readings
was better than this--probably :tl.0'PC--wAn the relative nccuracy 20.5ft.
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R._d_.na. The magnetic direction indicators used in the sailplanes were
calibrateld stthe Bishop Atrport by swinging the sailplane ot an accurately
.ared m-ce•.L* compass roie. Several calibrations were -A for the dif.erent
instrument panel ensembles used for various periods of the season. Since the
comps.as was affected by banking or turning in flight it could not give reliable
readings of the direction of the aircraft except in otraight flight. The cor-
rection curves combined corrections for effects of the metal parts in the vi-
cinity of the cc@as with corrections for magnetic variation and declination
(l7° 3 of I at Bishop). Theoretically, the absolute accuracy of the corrected
readings should be about 3+2 degrees or perhaps -3 degrees. It emuld be point-
ed out that if there was any yawing in the flight the error would be wumented
by the angle of yaw since the direction of travel relative to the air would be
different from the direction of alignment of the fuselage. vwever, in
straight flight the pilots atteopted to eliminate this effect.

True air speed and velocity* A calibration curve for the air speed
Indicators oambined corrections for instrument errors and errors in the static
and dvnmic pressure sources. True air speed is a function of dmesity, P, and
thus of Z and T, or:

VA = VI (Po/o? - VI f(Zp,T)

The total velocity of the sa. lplane vith respect to the air vas de-
scribed by combining the speed VA vith the georaphic heading,, a. The accuracy
of the velocity coautations was prL-iarily dependent on the accuracy of the
coass readings. As a further reduction, VA vas also interpreted as being
practically equal to its horizontal component since the glide angle was sml;
the glide ratio which In constant with altitude was never smaller tb~n 10:1.

Sinkins speed. Two effects contribute to the effective glide angle of
a sailpllie in =llFt: the first and greater is the natural sinking speed in
still air at a given air speed and the second Is a dynamic rise which may ac-
c€en" any dynamic soaring maneuver. The latter effect is absent in a steady
glide and could not be corrected for in the turns. A third effect, a dynamic
inertia rsacti=4 could be expected to oc-.ur where there were large accelera-
tions; this could not be measured well enough to apply corrections but was Im-
portant to note In those ratker brief periods when turbulence was ezperienced.
The principal dependence is on air speed, and theme calibrations were performed
in relatively still air over the Pacific Ocean near Santa Monica. A conserv-
ative estimate of the maxisssm effect of some varying vfrtical notion in the
air--probably general subsidence rather than convection--i. *0.3 feet per
second. Calibration curves were prepared for the determination of the "indi-
cated" sinking speed corresponding to a given indicated air speed. Than the
true sinking speed of the sailplane vith respect to the air was deteramined in
the sa manner as the true air speed given vi, Z5), and T:

VA'' UV1ý/P)/ 9T
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Summsa-y. The corrected quantities derlved fros the airborne measure-
ments anAYtMer estimated accuracies are:

,Corrected flight data . stiated accuracy

time t *0.5 second

pressure altitude Z P04 ft =u1 to 1100 ft at .o Coo ft
(relative accuracy .20 rt)

true air speed VA *3 ft s-1

heading a t3 degrees

sinking speed vA -40.3 ft s-1

teogprature T ±1.50 C. (relative accuracy .o0.5*C)

Comparlng these accuracies, tecperature easuwment a rs to be the

veekest link of the airbornc data.

Oynthesis of tracking and airborne data.

General considerations. Given the basic data one had to deci4e upon
the manner in which to treat tbn in order to derive the most meaninagfl pat-
terns of the pertinent meteorological fiel&--those of motion, t.qperature,
and pressure--In the .eevard flow. The choice us Influenced first of all
by the limitations and coverage of the data: a thread of m~wwA=ts taken
during a finite period of time through a volume of the atosphbere. Secondly,
for c•ierson with theory, hydrodynmical models, and other lAe wave ob-
servations, it vas Important to obtain a synoptic picture of the air flow
in the vertical plane perpendicular to the amotain range. To satisfy both
of these coziiderations, it vas decided to analyze the field of notion la
the form of stremlines in the p2Ane perpendicular to the Sierra crest in
the Independence-Ihnzanar trucking area. The other Iqiortwt -teaoologlnal
variables, teerature and pressure, vere analyzed as isotherms, Isoli.es
of potential temperature, and D values in the une cross section.

In order that these results can be considered an representing
"synoptic" conditions, two assuptions are Implied: 1) e was a steady
state or V/bt x 0; 2) the fiov vaa tw.-dimiensi:ona, 1.e., d/iy' - 0 where
y' is the coordinate parallel to the Sierra crest. We this are forced ts-
consider as negligible actual changes in the variables in time a&D "latitude"
(y') but coilt the assumptions to mind in ord that they =W later be
exlned for their effect en the representativeness of the results.
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Symbols and notations.

t tint.

Zp pressure altitide.

VA horizontal velocity )f the sailplane with respect to the air.

VA norizontal speed of the sailplane vith respect to the air. VA = YAA I"

a geographic headiig )f the sailplane.

vA true sinking speecl of the sailplane with respect to the air.

T corrected free air temperature.

P(xyz) position of sallyp me determined by trUcking systeM.

Z geometric altitud above mean sea lev!i.

Svelocity of saiL L ane witK respect to the ground.

VG speed of the sai .plane with respect to the ground. V0 - [4(x,y)/dtls
(/ )2 + (4•/dt)2)112

k S 43

horizontal coop nen, of t.e vind velocity. vH ".

VII horizontal winc speed. VH - IYHI-

angle between ' B and thc x' axis.

X1' ,y' coordinates of reference system rotated and translated to origin 0
on Sierra creit; x' along 700, y' long 3 40°C.

U horizontal viid speed component along x'.U- VH cos o.

VG vertical speed o-2 the sailplane with respect to the pround.

, -dZ/dt)st

S distance measured along path of sailplane; as a subscript it refers
to quantities seasured along the flight ptth.

v vertical viad speed. v = vG-vA.

a slope of a stream!Lne in the (x',z)-plane. g - arctan v/U.

a' slope of streamliae in exaggerated cross secti•u. e' = arctan 3•/U.

V total wind speed .-orponent in (x',z•)-plane. V - (L92 . v2)/2

VI total wind speed .-omponent in exagerated cross section.
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p density. p - P/RdT.

AZ thickness of streamline chnnel an plotted Croms section.

p pressure.

F mass flux.

by' wvIth of streamline channel.

C constant.

Rd pgs constant tor dry air. Rd a 267 kJ per ton pea 0 K.

Wd Poisson Constant. ud - R&/cA - 2/7.

I potential taerature iii OK. 0 (100/p) d.

D "altimeter carrectior.." D a :-ZP.

Th- basic c. rts e The prinary quantities were the corrected irborne
"tas, t: ZJ A a,, vA, and T; the space positions from the theoolites,
P(Xpypz t); and the positions from lRydist, P(xy,t). 2 othe maetoro.'g-
1il variables vere obtined as derivatives and combinations of these basic
qumatities by the procedures outlined belov.

O Centimeter gaph pawer the fl4gjt path vas plotted in the (xy)-
and (xs)- planes vith every tenth point identified by its frnm nmber.
The scale in the horizontal vas 1 centimeter - 1000 feet and In th. vertical
3 centimeters = 1000 feet. Plotting accuracy was to the nearest 50 feet
In the her•isotal and to the nearest 20 feet in the vertical.

A time section of Z and vs prepared on a continuxo roll of
prqh p r. 2be scale vas 1 cm - 5 or 10 seconds in the horizontal and
I ca 10 0 fact in the vertical. e time v labeled Inur
nvmbers at the top and In hou~rs, minutes,, and seof art the bottom. Dif'-
fireat sybl waze used 'tor the points of both curves and In analyzing
the the data us moothed to re&ie rania errors In the tracking data std
to inimise ma discontin•ities in the c eurvi hen the saJilDI changed
from ascent to descent or vice versa.

The third basic chart *ss the terphigrn on vhich sounMins of Yp
vwre plotted to obtain an a:erage lapse rate and an average dsity-hei4ht
curve for use In depicting the field of notion as described belo'.

The horizontal vid. On the (x,Y) cbart of the flight Path JG vs
-*srdgraial overlappirg 50- secocni (10- fram) intervals.* It

*vex thoght that this time Latervul vould eliminate the eftfect of e=rrrs in
the 5-second theodolite fixes and, especially, Increase the probability of
measuring the qaasi-ste&4 wind rather than short period Sasts. These
values were measured only ir. esentiall straight sectios of the fljlt
path. The araldd'al velocities vere determined to *1 toot per second and
*1 degree. The values vere considered to -ly at the aidpoint or the time

*4 . ...... M.A .'' -- - ..
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intervel. (It would have oeen poisible to compte V0 w [d(xoy)/dt) 8

E(dx/dt)s2 + (dy/at)21 on SWAC* but It was desired to use mothed and
.ctc.d trn-. cto-j data.)

On the sailplane computation sheets U was determined for the same 50-
second intervals as V . This vas done by avereging VA and a neperately for the
inter-ial. By inspectton an estimate was made of the averaje value, the column
of recorded values at one or tvo second Intervals wus scaaed, residl-Is were
added algebraically, and the estimated value was corrected by the appropriate
amount. Cince these calculations were xmWW over essentially stralight portions
of the flight path during ehvch VA and a war nearly constazt, the differewe in
the result betveen averaging by vectorial adition and division and that by do-
termlting separately the average manitude and direction was negligible,

Usinr an accurate prota'ac" o.' mad a metric ruler YA was subtracted gaph-
ically from VG to obtain V

A preliminary inspection cf the v field of the first flight revealed the
anticipated fact that the crcts a. , troughs of te zir flav lay roughly paral-
lel to the direction of the Sierra crest upviid of the f'lij.t. Thus, for the
reasons stated above, the coordinate system was rotat'd counter-clockvise 20o
and translated 50,000 feet a1ong its new -x' arls to a center 0' approximtely
at University Peak on the S.Lcrra crest. The y' axis t=en lay a1mg the n
line of the Sierra crest between Ht. Keith and DIAond Peak, a distance of p-
proximately 10 miles. All data. for analy•is In the vertical plane were then
re-referenced to their new positions with res~pect to the x' axis. The harizon-
Lal wind component perpendicular to the Sierra crest L the tracking area was
obtained fro mY by the for=,aI U - VH cos P,

Vertical motion. On the time section (dZ/dt)s - vG was ccuted grah-
ically from the slope of the Z,t curve. Where Raydist data were used or where
the residuals in the coptation of Z were large, (dLJdt)j'v 0 was compted
graphically. Far all practical purposes (dZ/dt), -=( d )6. 7he curve of

v t vas plotted on the same tine section on a scale of 1 ca a 2 ft C-. (See
R.2.2. )

From the sailplane computation sheets the values of vA wer plotted on
the time section and added graphcally (subtracted algebraically) fva vo to
obtain v a V0 - vA and a curve of v.t. (FTig. 2.2)

A continuous record of v,t then vwa had for all periods of coutiWauo,
airbo.ne measurements; and computations of U,t were listed for periods of ev-
ser.•ially straight flight for whicL both airborne and trackin4 data existed.

'SWAC (Standards Western Automatic Coquter) vas used to compute the space
positions (xy,z) from the tracking data. Uee Amendix A.

**A rectangular coordinate system with the origin at a point in Indspendence,
x east, y east, and z vertical. See p. of AF'etidlx A.



IRA

rig. 2.1 - Samle froma of 14 m film of sailplase iastrinmet pXm.. Iffisrummi. shown we. air-
modindicator (upper left). outside air thorsmasettr Iwppr r .1 . altimoter (Saddis row loft)

clock (cernter), comast (lower left), acceleomenter (for filMt). and 2 rate-of-cltmb indicators
(loft of and beow, temprature indicator).

3,640 SOC W0 0CC 41 40
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Tor go
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Fig. 2. 2
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In selecting the critical points to be represented in a vertical cross se.tion,
the Vt curve vas examined and the maxims, minima, and zero values of v were
listed vith the corresponding frame numbers; these values represented the
inflection points (maximum up- and down-drafts) and the crests and trough-s
(w z 0) of the flyv pattern in the vertical plane. Other intermediate
values vere added as required by the analysis.

Streamlines. The slope of the streemlines*, ;/U, was ccaputed as
the aigle a a arctan v/U. In the cross section the vereual scale Vas ex-
aggerated over the horizontal by 3:1 so that the exaggerated slope vas
computed as the angle 9' - arctan 3u/U. Consistent units were mployed;
both v and U vere converted to meters per second for this and later cum1ut-
atioris.

In order that the streamlines should represent the speed as well as
the direction of the wind in the (x',z)-plane, it vas decided that the
speed should be indicated raph•ically by mean of varying the distance
betveen adjacent streamlines rather than by isotachs (isovels), vectors,
or other methods. To do so one invokes the concept of "channels of flov"
and asums:

.) a/it •0 (steady state).

2) B/8y 0 (.no variation parallel to the Sierra
crest).

Then the equation of continuity:

aI/ at - - [?ipu)/ax'+a(pv)/ay' + a(pv)/az]

reduces to a(pV)/aS - 0 vhich states that the mass transport through any
streamline channel is constant.

Consider nov the folloving szhematic drawing and the geometric re-
lationships:

/

t/

Az

The mass flux F = OVAy'Az cos € (or F m pV'Ay'Az cos a'). Since
U V cos C (or U w V' cos s'), F apU ylAz. Frh the reduced equatiou of

A
*Y" is to be no ed that these are streamlines of V. the wind copxonent

xn the vertical plne perpendicular to the Sierra crest.
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~ �a.•-t 'o e: ptk ., = cnstwit of dime45iionb [M L" T')*.
The thickesp Vf the channel at any point is Az a C/Pu in meters where C is
in ton mz'sec"•. Since In the cross section 3 ca represents 1,000 ft, 1 cm
in the certical scale of the croass section - 101.6 s in.the atmosphere,
s- Az - C'10! .6(oU)cm i:,erc p is in ton mn3 .

The constant C chosen depended on the average speed of the wind for each
lee wave, but, of course, was kept constant for each flight. The values used
were 7.5, 5, and 2. Thus, for a given flight cross section, if p is expressed
in kg m'•, Az in cm was approximately 75 ./pU, 50/pU, or 20/PU, depending on
whether the average wind U was relatively strong, moderate, or weak, While
this technique sacrifices the opportunity to coer e wind speeds from one
flight to the next - except where C is the same for both - it satisfies the
more important requirement of having each lee wave represented by a sufficient
and convenient number of streamlines to i-escift the flow pattern, and it al-
lovi comprison of relative speeds within each cross section.

In the vertical fx',z) zross section were plotted the values of V' as
slopes and the corresponding values of Az as numbers for all critical values
of w along the flight path and at a sufficient number of intermediate points
to ensure as complete a coverage as practicable. The streamline analysis was
then performed as an objective atte pt to best satisfy the requirements of
the data.

Other variables. From Z, , p vas obtained directly from Bellam's

(1945) tables, and from p and the corresponding T were cocputed density p and
potential temperature S by the formilas:

P - P/RdT

and 0 - T(IO0,CIk)xd

in practice, both of these quantities were obtained by referring to the Smith-
sovian Meteorological Tables (1951). For the cco utation of Az it was suf-
ficient to plot all values of p,T on the adiabatic chart, thus obtaining an
averege sounding for the flight and an avernge curve •f p, Z1 or p, Z. These

values were quite accurate enough for the determination of Az, the probable
error in p being less than that of U.

The computation of 0 was somewhat more sensitive to errors and space
alffe-ences, however, and it %ws desired to use the Tables based on the ac-
curate formula rather than the graphical determination on the adiabatic chart,
which method introduces further errors of chart construction and of reading.
It is obvious that the accuracy of 0 is that of T compounded, perhaps, by a
somewhat smaller error in p. The overall absolute accuracy of 0 is probably
±2.00 K while the internal conaistency is probably 1.0 OK and the maximum
relative error 10.5 °K.

On the time section the values of D - Z-2p were obtained graphically
from the smoothed curves of Z and Zp. The field of D was analyzed from the

*Mere M refers to mass, L to length, and T to time.
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with those from the surface barog•a= rezerenced To +.he same plAne.

The fields of T and 8 were similarly plotted &!d aa'lyzed. T vas
.en gri..,,.ed an tae tr.Le sections on vnich it •.ely _.diiated Inversions

encountered along the flight path.

Concluding remarks. rhe accuracy of the re- ts as deptndent o.l4 on
the errors of the itstrvmen .•tion and of the redaction procedure, as iistinct
from those resulting from the irperfect fulfij.:ent of the assumptimOs, can
be estimated. Soae of the errors depend on the =&nitude of the quantity
end so are more adequately expressed as percentages. In suary these are
as follows:

;za•ntities Estimated accuracy

U, t C'•
5 %

Az 5

0 ± _ (*3.50 relative)

T i.5 •C (t*.50 re2ative)

t 2 ft - tc *20) ft (10ft
==imnm relative)

Considering the mesning of the results represented by the analyzed
data, it must be remembered that e ani V refer to that cao at of the
wind perpendicular to the Eierra zresT. c of the path of an air parcel
and VH of the tot&! wind waold be related to the quantities in the cross
sections in the folloving manner: 4. - t and VH t U. The greater isa,
the angle between ýH and the x' axis taken noz~~l to the mauntal crest,
the less the streamlines approximate -he paths of air parcels and the reater
dliscrepancy one should expect it. it-e fields of B, D, and T -is analyzed on
the (x',z) cross section. It is reas:.nle to assume adiabatic flow so
that the temperature pattern aX!'ng the z-.reamaines w-ll be a result of
differential vertical motion wi-h :: : temperatures ir the crests and
warmest temperatures in -he tro-&.z :7 ýLy le-el. Since the principal
component of the horizontal -e .-_t_-re zradient, that of the overall
synoptic situation, is direc ted t. t.ae left of j, only if the flight has
been made essentially along zhe streamline of -he true wind can one expect
to measure the temperature field d'•e to v-he wave perturbation. Similarly,
the field of 0 in the verti-al shoui.1 r~sennle that of the true streemlies
where the vertical plane i: taLen alng The wind; and there each isoline
of 0 should nearly exactly" rapresent a true path. Also, there is adrectic,
of temperature to be .onsidered: a.f t ý 0. The effects of +h4 .: W.i be
greater the longer the flight. Finally, the greater t.... W.r-soth range
of the flight path, the less well defined ai• zf the fields should be Pms a
consequ.ence of th e conditio:- " 'ZV o %i. The errors resulting frcs the
var-iat ions i. the th" d .Lmpnsion -erive less -Prom the norml gradients of
the varinble;. t-an from varnt' xn of the Sierra crest from the y' axis.

ML.• ., " . .. ••.
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3. VITMCAL CROSS SECTNIOS AND Sa=JDIN3S

Graphical presentation of results.

After all of the 1951-2 airborne and tracking data had boom analyzed,
results from1 flights on 9 separate days vere considmed to have sufficient
coverage to be vowthy of publication in the form of vertical cross sections.*
The 9 lee wave exaypies are treated below in chronological order. Each case
is presented according to the folloving order of subject headings:

1. Clouds and weather. Significant observations of cloud and weather
phencmena at the tMxe of the Iight are briefly described. IWe applicable,
one or two photographs Illustrating the cloud phonamena are shio.

ii. I A plan view of the path of the flight Is son
in relation t-• the apho 3nd the tracking netvork. Specific accomplish-
aets of the flight and partic lar limltations of the tracking runs are
noted.

III. Stremlines. lie field of Notion is jpresented in the form of
stresalines constructed according to the mnnner described In Chbpter 2. A
projection of the flight path on the vertical plane--the thread along which
data were measured--is drom on the cross section. Pertlnat measmuts

uch as wave length, vertical displacement, maxims horizontal and vertical
velocitis, turbulence, etc., are Included on the cross &ections. A brief
discussion of these results is given.

iv. Other fields. The fields of tmerature, potential tw ture,
and pressure "(D whluesi, vle not of sufficient coverage fo cross section
analysis, are discussed vith respect to the stremline pattern and the mean
flight sounding.

v. .ouditndmna v2.:Lac-ty profiles. With each flight cross section are
presented a• "+-A,'ert e sounee ding and vind velocity profile. The lt-
ter ;a tat of the U (250 degree) c~opoent of the true vind. Sw data used
for the period sf 1 December 1951 to 29 February 1952 vere from Castle Air
Poree Base, Merced, California. For the mnnths of ovember, 1951 and Horebh
1952, the data used vere from Okland or ftau Interpolated values betvem
Osklwrl and Santa Maria depending on the direction of the unwr air flov.
For several of the cases uper air data from Lodgepole in Sequoia Ntial
Park are included. Together vwth the sailplane flight soundings are am
the U coponents of the Bishop double-theodolite pibal vind sounnd'n rq-
resenting a synoptic vertical profile In the leeward flow.

In Chapter 5 the surface and uper air synoptic charts corresponding
to these vertical sections are shown and discussed.

Additional symbols and notations. Besides the syobols defie•d
earliers, se others are intro&wced here for abbreviated notatica on the

*Data frca two additional flights vere used for special roll cloud studies,
the results of wi&ch Pre presented in Chapter .
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charts and in the text. These are:

L wave length of the perturbation in the (x',z)-plane.

displacement of a streamline fro its mean height; amplitude
of the vav% flow in the vertical plane.

Amax the maxim= total height variation of any streamline in the
vertical plane.

BIH Bishop Weather Bureau station. 4,,110 ft.

BP Ball Park, Independence. Theodolite. 3,901 ft.

CC County Cabin, Independence Creek. Barograph. 7,886 ft.

Z.!,. Irt'. Ctlln, Inpreendenee Creek. Barograph. 6,166 ft.

I Independence. Barograph. •,934 ft.

K Kearsarge Station. Barograph. 3,760 ft.

LP Lo epole, Sequoia National Park. Radiosonde and barograph.
6,7u ft.

M MIbazaar Barograph and theodolite. 3,831 ft.

SH Ski Hut, Ot ton Valley. Barograph. 9,201 ft.

7P Sev en Pines Theodolite. Theodolite and barogrnqp. .. :1 ft.

1500 Z Here Z refers to 'reenvich Civil Time (OCT).

0700 P P refers to local tim-. i.e., Pr dific Standard 'l. .
or 120th meridian c%-'. tim

1. Flights 2002 and 2003, 27 November 1951: a moderate lee vavv

Clouds and weather. There wee a few cirrus and altostratus c - xds
visible, none of which snhoed wave form. Visibility vas unlimited.

rlight summary. In Fig. 3.1 are shown the flight paths over the
,round and in Fig. 3.2 are shown the projections of the poths on the

z )-plane. On Flight 2002 the air vas found to be smooth up to 11,500
ft* on the tov-; turbulence vas emperlenced at 14.,500 ft over TP; and re-
lease vas mad at 15,500 ft. A maxlium altitude of 22,000 ft was at-
tained. Thu loug dounvind run (Flight 2003) encountered three waves across
the Ovens Valley and a fourth over the south rim of Saline Valley in the
lee of the Inyo ýbuntaina. The subsequent upwind run, which Vas not

*All altitudes refer to mean sea level.



tracked, ancoimtered turbulence over 7P at an altitude of 10,,000 It but
insufficient lift there to ramin altitude. 11o roll cloud- apeaed but nod-
wratt turbUlmsce was encountered in those zones where they norall~y foreid.

Streamlines. The air flow in the vertical pJlAme is show In Fig.
3.2. IT WuI 9 mentioned here that In this &rAving and In all subsequest
sectional, the upwind velocity profile has been used as a guide in draving the
streamlines above the crest of the Sierra at altitudes bwhee no flight dasta
exist, Soe constant* used lin determining the thickness of the channels was
C a 7,5* are wave lsmth varies soewamt depending an wbere it is usmaiwed
but the averege value Is 29,000O ft or 8.8 kn. The average altitude variation
of a stroemlime is 2,,100 ft or 61.0 s. Thor is indication of a slight upwind
tilt With helgbt.

A Sreaminsnty northwest wind is evident in tke flight path* The
average vector wind wasured on Fligmt 2002 was 251 An, 40 kots sand that
on Flight- 2003 was, 291 des, .- 47itse The imauiium UJ cavonent. measued vs
91 ft *4- (51& knots). Vertical velocities were moderate: +13n --16 fts-
was wuzima sustained values,* A shorter period (10 second) mmasurtomt of
435 ft s-1 %e asd. la the first wave uedraft near mountain top level.

Other fields.* A flighit su~nd'Ingi plotted In Fig. 3.3. The ~mman
6wiavtion-E-Mjpotted. points from the curve shown Is *l16C. An inversio
was Passed through at 8 200 ft on tow. A 40cC t~serature Inversion existed
betven 590 and 550 b U14,,ooo to 16,000D ft). it vas in this stoe that
turbulence and the maxlmus vertical vvlocities wee found. 21k only oth.r
eIgoiticaut tamprsturo change along the flight path was, a 110C "o at the
sas level betwaen the first lfr trog and the folloving me t.

Potential teperature varies trm3or( to 322 x. feield of e
la the acrs section agrees with that of the stremaliue~s but the data are not
dense enugb to allow an Independent analysis.

The D values are all positive end large. The swnswface values fair
the flight period are: N a 290 ft, BC a 3W0ft, and = - 380 ft. ftee Is
a general increase vpward since the sawd'ng is warmer then that of the U, S.
Standard Atiosbere, ?be values vary fro +320 ft to + "20 ft. 2hse do-
ternined ffra the "sounding and the bargrome sees ratba wall with those
derived from o-ý n the time section.

!eý advn ~fls Upwind coodItions are represented by the
1500 OCT Oklandi sozjand rairin (P`19. 3.14). The sounding Is sees to be
quite stable balow 51.0 mb Above 20,000 ft tbae is a dweremse In U an the
uppe wrinda shift to slightly ncrth of vest. The Bishop U profile at 1200
Pff (MM0 WOc is shown In 719. 3.3.

2. Zjt 2004, 28 Noivember 1 j: a moderate lee wave.

Zlquds and weathas*9 Cirrus claouds vw observed In all qmuadrtam with

'e~e chapter 2.
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aItocu~.u~Is 1nt~cular-'s to the no'.'theact over the White Mountains. This was
known as a "dry" wave with ceiling and visibility unliited. In Onion Valley,
below Kearsarge Pas, wave form was observed in cirrus clouds, snoa banners
were seen bloving from the peaks, and a warm f82n wind was felt. Toward
ev-rn.rZ tie sky cleared.

Fli ht !su . Sltht turbulence ;.as =nzountered from 10,000 to 12,000

ft and the release was made at 12,,00 ft. The fl:ght path is shown in Fig.
3.5. The air was coavidered mooth up to 10,000 ft. T7e maximus altitude at-
tained vas 25,500 ft. A downwind run and the subsequent upwind run were null-

if ied by failures of the sailplane camera. What remains is a long run paral-
lel to the Sierra crest in the updraft region of the first wave. On the down-
wind run three waves were penetrated; the downdraft of the second wave was above
the slope of the Inyo Mountains and the third crest was east of that range.

Streamlines. In Fig. 3.6 the constant uled for channel thickness was
5. The average values of U and v were 68 ft sa1 (4o0 knots) and +8 ft s-1

respeztiveJy. Maxim= values of U and v were 79 ft s"I (47 knots) and
+13 ft s-1. respectively. Since the streemlines shov only the updraft section
of the wave, the wave length cannot be measured. Zowever, the half-wave leni4th
appears to be 26,000 ft, indicating a complete wave length of 52,000 ft (16 ku).
2(am is approximately 3,500 ft.

Other fields. The flight sowiding is much warmer in the Standard
Atmosphere as shown in Fig,. 3.7. It is rather stable with a strong inversion
below 730 ab (about 9,000 ft) and a near-isothermal layer between 615 and
550 mb (14,000 and 16,000 ft). That the lower inversion disappeaed by midday
is indicated by the fact that three stations in Ovens Valley--Bisbop,
Inlapendence, and Baiwe--al1 had a maxim= temperature of 5ft (14.5 0 C) and
by the measurement of 53.90F (12. 2cC) at Z at L125 PST.

D values were in agreement with the teuerature sounding. Surface
measurements were: N - +275 ft, EC = +320 ft, CC a +355 ft, anc SR - +285
ft. In the flIght section the values increased to +840 ft at 25,500 ft, the
maxima altitude reached.

SoundiAns and wind profiles. A mean 1500 GCT sounding for Oakland and
Santa 4aria (Fig. 3.8) wao used for a representative sazile of the vest-
southwest flow over the Sierra. The dashed line in the wind profile indicates
where geostrophic values were used. The 1200 PUT Bishop U profile is shown in
Fig. 3.7.

3. Flights 2006 and 2007. 18 December 1951: a strong lee wave.

Clouds and yeather. At dawn the lee vate was fully developed; a large,
dark roll cloud had formed to the south over the center of the Valley sur-
mounted by one, and later two, decks of high wave clouds (Fig. 3-9). Low
clouds und blowing snow trailed in a "cloudfall" far down the Slerra slope in
the downdraft area vulle awother wave crest was marked by stationary cumaloform
clouds over the Inyo Mountaicse By afternoon a long, ragged roll cloud was



visible acteadiug from the mo LUke ares In the north to Inyokern far to the
south. In the 3ichop area the f&mwaLl bung over the Sierra and the roll
cloud hovered ower the western slope of the Valley with clear sky ime4lately
over!.ead. These pheom ena pe.uisted ith sne change througfmt the day.

Over the tracking we& south of Bishop the roll cloud, extending
over Big Pinem, Indeyendew, and ILne Pia,, covered about 20 per cent of the
width of the Vallef. Its base and top were at about 15#000 and 18,-20,000
ft respectively. hal&ler rol clouds rked the second mve crest over the
Ixno )Mountains. A solid cloud dock at abozt 16,000 ft covered the Sierra
and the San JoaqUi Valley. As sen from the sailplaw an Flight 2006, "the
dovnvash of the cap cloud In the lee of the Siera was very stp and at high
velocity reseabling water overflowing a c ." T -ere ve two lenticular
cloud arches above the roll cloud; the hbiost mve cloud la the tracking
area yes passed at 35,-36,000 ft. To the north a her dock could be seen
at about 38,-#O,000 ft.

Surface winds rac~ed friu calm in se areas to gusts of 50 or 60 knots I
elsewhere. Strmg vinds north of Bisbop blew a bus off the road and blev
mm froy previou storms into deep drifts which covered the b1*wW 8 fet"

deep In places. Dense clouds of dust filled the air high over Os (dry)
Lake while north of la"e Pixe sand was propelled at 60 knots in nort terly
gusts.

Flight ries. On Flight 2006 the sailplane took off an toy fran
Bishop at 0910 PST, headed so.,theast, and erxcounered the second ave updraft
over the western alope of the Inyo Mountains. Turning southwest it flew
under the roll cloud and released frm tow at 18,500 ft Just uvirnd of the
roll cloud and lower Slera slope end southwst of Big Pine. Over the track-
ing area the sai•plane mucouatered severe twbulmmce at 39,000 ft, roee to a
maximum indicated altitude of 42,000 ft, then outimed .o tar4 in the
lift zone land' at Bishop at 1200 p. no was no thadolite tracking
of the flight becwzse of pulse fallures In the grond eylmt. e flight
notes of the obserer-, the notes recorded In the control van, end about 3
ainutes of film Ahoving the lstrummt pawl readings bet nm 35,000 and
42,000 ft pmrode 4&ta for analysis.

Flight 2007 reached a mimm altitude of 39,000 ft and van tracked by
tuo theodolites f•c 1538 to 1650 PST in the altitude rne of 32,000 to
38,000 ft. The path, shmon In F19. 3.10, Is aer of large range, particularly
in the region vest of the Sierra crest. Lbartumtely, the qparent ml-
functioning of the direction Indicator and the fact that the twmet dial
vex off scale for =et of the flight, placed severe Uimitatims on the
analysis of the data.

Stremmline.s As Flight 2006 ms not tracked, a conventional stem&-
line analysiswas Impssible. Rowever, by invoking the as=Aqtion of
adiabatic flow, it was possible to construct a potential temperature cross
section which mW be redarded as an apouieate rresentation of the field
of notion in the (x',z)-plane. Fig. 3.11 shows the cross section costructed
from the 1000 PST radiosonde ascent froa Lodgepole and the "somnding" frt.
Flight 2006; since the flight data used were Leasured in the period 0930 to
1045 PS, these vere nearly synoptic. "be lodgepole sounding wan platted



36 1

n& 3.$ mbw t "Ai.06WVýI91

"ib al mail & felmd l. ma AMR-

13 S.VOebo 9L %bn.tsmsa j

W~ Unoi ldfl.* ArCV rpsaI



.37

Fi. %.C - S s 4cw S.Sumdfi nb qe.
U~r saw* Claud Amuiie with Amet. temaimet umwme ette a

ris. 3. 9d.- 1350 M.I' 18 Member 19SL Smtbuwd ft. Kubap hivmt.
%we md roll eIl u' *m " ctiamums samtuhud mer Mob*



38

F1g.3.1; l 143 PST, 18 Pacesiber 1951. Toward SSO from 14.000 ft alii-
td. usdm rotor clood bees. Cloud- fall pours over Sietrr.

Tiej. 3.9f I"14? PST. IS Docmishr 19S1. Soutboostuwad 1,.. 15.000 ft.

Sailpiame is 4000 ft wivi updraft at loodime odge of rotot clo*J.
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according to its calculated downwind drift with height and the sailplane meas-
urements were plotted according to the path of the flight a3 reconstructed from
tý.e observer'a notes. Fro. photographs &.,d observational notes the fohnv&la,
clAfa.l, roll cloud, Vand icnticulaw deck vere sketched. It was assumed that
the inversion of the fhJhnva•l was the same as that of the roll cloud and that
the air flow was isentropic except within the clouds. It was further assumed
that the st.-eLimlines could be approximated by the isentropes except within the
cloudfull and the roll cloud where the actual streamlines would have oteeper
slopes. A rough calculation of the slope of the streamlines was made from the
ratio of the vertical wind speed v (.dZp/dt-wA) to the horizontal wind speed
(equal to VA In the hovering fllght). The wave length of the flow can be
seen to vary from 46,000 to 59,L)00 ft (14 to 18 km or 9 to 11 miles). Since
the analysis for the whole section was made from data taken along two threads
in space, such a drawing should be regarded only as an attest to create an
approximate picture of the flow patterne*

In the course of the ascent a maxinmu U of 85 knots V6s found at 24,000
ft. Maxima of w occurred in the roll cloud layer (70 ft *-I) and at about
32,000 ft (.4.0 ft a-1). Severe turbulence was encowntered near the roll cloud
and again at about 31,000 ft to 3),000 ft. Of interest in the drawing is the
suggestion of a much longer wave length in the stratosphere and the uVwind
tilt with height of the region of maximum updraft. Drift:g eastward at 38,000
ft, the sailplane lost altitude above the region in which updrafts were en-
countered in lower levels, and it was necessary to head westward uwth altitude
in order to remain in the lift area. On the return flight the wind speeds had
increased by about 15 knots at 24,OOo ft, and reached an estimated mxistn of
120 knots near 32,000 ft.

The path of Flight 2007 in the (xt,z)-plane is plotted in Fig. 3.12,
together with some significant measuremnts and observations. No stremalines
have been constructed because -nf serioui doubtb of the reliability of horizon-
tal wind measurements. These indicate wind velocities with lage northerly
ccionents which appear unlikely even though the bynoptic charts (Figs. 5.( and
516) shov the upper flow to be vest-northwest. The most A-ziing evidence for
this contention is the cmeparison of corrected heading and flight path; the
angle varies frost 450 to 900 for vach of the run. The field of vertical
motion was determined, however, and is indicated in Fig. 3.12.

Other fields. A souniding curve for Flight 2006 is drawn in Fig. 3.13.
Some isolated temperature obbervations from Flight 2007 indicate cooling aloft
during the day. The potential taxperatire field bas been discussed above in
relation to streamlines. The temperatures are warm vith respect to the
Standard Atmosphere and D val ies are large and positive. Hivever, none could
te determined on Flight 2006 for lack of Z values and those from Flight 2007
involve too large maximsm errors in Z to permit listing of absolute values.

*It Is to be noted that this was the only case for which the airborne data
lent itself to this form of analysis. The reason for this Vas that it fortu-
itously satisfied the requirements: 1) that the flight be nearly synoptic
with the radiosonde ascent; 2) that it be made approximately downwind of the
radiosonde ascent; and 3) that data be obtained through a great depth of the
atmosphere.
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So. dinas and wind prof.les. Fi. 3.l1 shows the sounding and U profile
from iYrced at 1500 OCT. The sounding indicates a lover Invers ion at about
3,000 ft--the typical vinter subsidence inversion of the Great Valley--wd a
hii3her inversion at s1out 13,000 ft (615 nb). The greatest vertical shear
in the wind profile occurs at about 111,000 ft, just above the top of the
inversion. At 150 OCT and PWA GCT the Merced v px-z V u indicated
maximam speeds at about 2J,000 ft and 25,000 t, respective!,-; tbi:. Ict was
confired by Bishop pibal neaurments (Fig. 3.13) and b7 tae flights, al-
though the latter suggest that even stronger speeds occurred near the
UNop~maai in the lee u.av. The ladgepole sounding is presented in Fig. 3.13.
lie inversion associated with the cap cloud can be identified with that over
Merced and was appently intensified by the flow over the Sierra.

. Flight 2015, 29 January 1952: a weak lee wave.

Clouds and veathe. In the moning much of the sky was covered by
cirrus and altoetratus beconinc altocmAlus. In the afternoo there were
patches of altocummus and considerable cirrus. From the air it was clear In
the north and est. High clouds ve vllslble in the 5outh stretching over
Los Angeles and Ls Vegas. Twe San Joaquin Valley vas covered by stratus.

htsm . Some turbulce was encountered just prior to releamse
at a ra&te f club f- 1,000 ft ain" at 13•,0 ft. The flight (fig. 3.15) was
confined to the rather narrov rejýon of lift between Independmee Peak
(11,773 ft) ,a Ht. Bradley (13,20 ft). The flight path us a • ral
descent frcu the eaxiu altitude of 15,000 ft.

Streealines. A single, primary -rest is evident in Fig. 3.16. The
i-Lnd was wTery listle vird vas found below 12,000 ft, and in the msi.1

zone of lift it ms possible to fly cross vind and to spiral without drift-
Ing downwind reidlye. The constant used was 2; channel thicknesses are
therefore not coasrble with those of other flights. The trve length is
about 11,000 ft or b.1. ka, 2t{a is 900 ft. A possible ewlanation for the
conoftmnt of the wave notion to that particular region of the crest is
that the wind was channeled along the canym of the South lork of the ings
River and reached somehat stronger speeds there. Tc ! .L aVs 37 ft s51
(22 knots); m:z!1= vertical velocities wee +11 and -7.5 fts . bief gusts
of about 20 ft s" were experienced betwee, 13,X and 11,0A 0 ft. Agn
interesting aspect of the stremlle pattert is the tilt of the lee trough
upetrem with altitude.

Other fields. The taemrature sounding (Fig. 3.17) ir mAch warmer
than that ofthe St drd Atmphere. A 20C inversion existed belmo 750
ib (8,000 ft), and above 670 ab the lapse rate was newly adiabatic. The
tmerature field ia fairly consistent In the (x'-z)-plane, probably because
mach of the fligt .ath vas nearly in the same vertical plane. Te potential
temperature field vould not indicate a lee wve if a.alyzed
* varies from 308" to 31110 X in the tracked portion of the fliglht. On the
ret"rn flight to Bishop, the tmeratures aloft vere cooler by 10 or 20C.

The D values for the surface were BIa . +320, X - +300, 1C +330,
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and SH - +360 ft. The values increased aloft in agreement with the warm sound-
ing. However, there ib a rather systematic discrepancy of about 100 ft
between D values computed from the sounding and the barogTans and those from
7-,. , the latt.r being the snaller. It seems likely that thic difference can
be reaionably attributed to absolute errors in T, Z, and ZP.

Soundinas and wind profiles. The un4isturbed flow characteristics are
represented in Fig. 3.18. The pronounced low inversion at Merced is related
to the stratus layer in the San Joaquin Valley below 4,0 10 ft. The Lodgepole
sounding and wind profile (Fig. 3.19) is similar to that of 14erced--a pronounv.4
surface inversion, no high inversion, tropopeuse near 240 mb, and a rather week
flow at crest level. The Bishop C=uble-theodolite pibal measurements are shown
in Fig. 3.17.

5. Flight 2oi6, 30 January 1952: a moderate lee wave.

Clouds and weather. In the morning there were bands of altocumulus and
cirrus overhead and aItoc-urzlus lenticularis arches vith clear-cut leading edges
west of Bishop. Over the Sierra was a mass of cmulus. The San Joaquin Valley
was under low strato-cumulus to about 6,000 ft. The lenticular cloud which lay
along the Ovens Valley Ir the afternoon (Fig. 3.20) drifted eastward three
times during the course of the flight.

Flight summary. Release was made at 17,000 ft, the sailplane reached
26,000 ft, and tracking was begun at 25,000 ft. The flight path (Fig. 3.21)
perfoumed in the west-northwest flow included a crisscross run, a long down-
wind run through three complete wave lengths, and an upwind run prior to descent
over Manzanar.

Streamlines. The flow pattern shown in Fig. 3.22 is that of a moderate
wave in which three waves formed over the Ovens Valley with an average wave
le.4th of 25,000 ft (8 km). The values of 2tmx vary from 1500 ft to 2500 ft.
The constant used in etermining channel thickness was 5. The maxi•m U
measured was 85 ft s'" (50 knots). Maximum vertical velocities were +12 and
-21 ft s-1 at the locations indicated on the cross section. In the lowest
extent of the flight path, near 7,000 ft, a light eaaterlý flow was measured.
This suggested that below the wave crests between 7,000 and 9)000 ft were light
rotor-like circulations which, however, are not to be confused with the so-
called rotors of stronger waves that form at higher altitudes and are usually
marked by roll (rotor) clouds. In this case there was neither moisturo nor auf-
ficient amplitude of the flow to induce the formation of clo'ds at the crests of
the waves. Only at a higher level, perhaps 30,000 ft, was there a cloud which
formed in the principal wave crest.

Other fields. Temperatures measured on this flight were warter than
Standard Atmosphere to 425 mb and cooler above an shown in Fifi. 3.23. An inver-
sion appears below 7,000 ft (800 mb) and an isothermal layer between 615 and
580 mb (13,00-15,000 ft.). Throughout the remainder of the "souaing" the lapse
rate was nearly adiabatic. Deviations of temperaturea measured from those of
the curve are within 10 C. The 0 field, not unexpectedly, appears Isoewhat
chaotic when analyzed separately and is not indicative of a lee wave. The D
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field similarly does not lend itself to a reasonable analysis. The values from
the zounding are given in Fi. 3.23.

oand ind profiles. Merced, Lodgepole, and Bishop upper air
data are 1 in Wp . 3.@24 3.25, and 3.23, respectively.

6. Flight 2018, 16 February 192: a strong lee wave.

Clouds and weather. The wave cloud Dbencuena of this day were the
best developed and most extensive since those of 18 December 1951. Early in
the morning a fr8hvll appeared over the Sierra vest of Bishop and during the
day extended itself along the crest. Fracto-cumilus patches resolved them-
selves into roll clouds in the south (Fi7. 3.26a) and over the Inyo *ntains.
By noon the f8kmali had developed to about 4 mile* south of Mt. Williamson
(14j384 ft) and strato-cumulus clouds were observed moving fr west to east
over Onion Valley. By 1330 PST the f8hnvall extended along the entire crest
and the cloud fall covered Onion Valley. A high altostratus wall was seen to
the vest above and upwind of the f8hnmll; from the sailplane its height was
estimated to be about 30,000 ft. High cirrus bands formed parallel to the
wind in the east, and to the southeast slight wave form was visible in cirrus.

No single, dominant stationary arch cloud formed, only ll bands and
patches. Bowever, during the time of the flight the roll cloud was well de-
veloped (Fig. 3.26b) and extended in a solid chain over the Ovens Valley
xcept, as Is usual., in the Bishop area where there was a break. Me base of

the roll cloud was obser-ed to be at about 14,500 ft. The second wave crest
was well marked by a smaller but continuous cimllus cloud band over the crest
of the Inyo Mountains and continuing upwind of the White Mountains.

At dusk the cap cloud (fghmmll) swpt far down the estern Sierra
slope but the f&MgpM never clouded over. So precipitatlon fell in the
Ovens Valley.

Flight summary. The data from this flight are the most complete of all
the flights and are of espe.ial interest for the study of a strong lee wave.
The tracking began at 1217 PST (Fig. 3.27) with an upwind run on tow. Release
was made in the strong updraft at 14,200 ft above 7P. About that time the
sailplane was lost to view by the theodolites because of the intervening roll
cloud but its 45-minute ascent to a maximum altitude of 33,000 ft was followed
by the Raydist system. A downwind and an upwind run were performed between
131 and 1140 PST after the sailplane had again been sighted by the theodolites.
"Later a crisscross run was tracked except for a Vap during which the sai'lpane
was abcve the roll cloud. The final run was made dovnwind under the roll
cloud. The flight time from beginning to end of tracking data was 31 hours..

Streamlines. The air flow pattern of the strong lee wave is shown in
Fig. 3.28. As the flight vas both long in time and extended rather far north
of the tracking network, the data provide the most noteworthy examples of the
four-dimensional character of the lee wave. The two-dimensional streamline
cross section vbs construeted after data from portions of two of the runs had
been deleted. First, the data from the northernmost region of the flight
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Fig. 3.26. - 1020 PST. 16 Februry 1952. ,6mtbmrd fre 12,000 ft. tok.
5liseem and thitay m riot. 1honlapig wav and poll els&d.

Fig. 3.26b • 1330 PSt, 16 Februry 1952. Saad~4 frtm Disk" Air-
port. Roll cloud mad clad-fall w1ll daevleed. High, tamno etch
clMud. Photo by C. Patterom, U.S uietbor &areo.
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showed the wave crest to be about 10,000 feet east of the crest position in-
aicated by the southern portion of the flight. Examination of Fig. 3.27
reveals that this is undoubtedly a result of the eastward Jog in the Sierra
.r 1st ior'_i of Diamond Peak (13,1fa5 ft). Since the upper flow was rouh
from 260 deg, the roll cloud line downwind was similarly dliplaced.

A second adjustment had to be made for the development which took place
durirn the 3J hours between the two flights under the roll cloud and the fact
t,at the firct, upwind flight was made on tow. With due allowance for probable
errors of airborne measurements made while on tow, it was evident I hat the
downdraft below the roll cloud had increased considerably in speed. Consequeant-
ly, in order that the complete streamlize pattern be conas'sent and quasi-
synoptic,, ihe :!ta from only the first run under the roll cloud were used as
guides in the analysis of the lover streamlines. The cha.nel constant was 7.5.

The roll cloud sketched in the cross section was carefully constructed
by photogrammetry and froi, the observer's notes. The turbulence below the
leading and trailing edges of the roll cloud was rathur severe. A narrow zone
of compaatively smooth flow existed under the roll cloua over the center of
the Valley.

The wave length of the flow appears to increase with height; measured
from trough to trough 1t varies fro-m 60,uo0 ft (18 ka) at Z = 7,000 ft to
70,000 ft (21 kin) at Z - 30,0(0 ft. An average value is 67,000 ft (20 ka)
which is also that at Z - 15,00)' ft. 2-ax - 7,000 ft (2,150 m) at the sear.
altitude of 13,500 ft. MA•xiu verti.,al velocities measured along the flight
path were +41 and -31 ft s-1; the locations of these are shown in the cross
sections. ma was 115 ft s"1 (68 knots) near 24,000 ft at th.. point Indicat-
ed. Measuring g' and Az eklong a vertical at x' = 32,500 ft through the in-
flection point of the flow, and computing U and w from the formila U = C/pAz
and v a U,/3 tam 9', sme interesting results axe obtained: mxiA of U at
the inflection points occur at Z = 15,7J0 ft where U - 100 ft -.' (59 knots)
and at Z = 27,550 ft where U - 96 ft s- (57 knots), &nd a single in of
w - 28 ft a"- occurs at z - 15,250 ft.

Of greater interest are the syioptic variations of wind speeds between
troughs and crests at different levels as measured along the path of Flight
2018 in Fig. 3.28. In the levels above the roll cloud zone the wind speed is
least in the trough and freatest in the crest of the flow. Near 300 ob the
speed varied from 21 as'- at the first lee trough to 3Y. ms- 1 at the crest to
21 ms- 1 at the second trough. rear 40 mb a similar difference is found; the
speed varies from 24 ms- 1 at the trough to 34 m•s1 at the crest. In the levels
below the roll cloud the wind speed is greater in the troughs than in the
crests as can be seen by comparing the ohanel width at the troughs and the
crests in those levels. The horizontal wind speeds and values of the other
synoptic fields easuroed at critical points in the vertical plane of the strong
lee wave with rotor cloud are listed in Table 3.1 and discussed further
below.

Other fields. The mean "sounding" of the flight (Fig. 3.29) stradidles
that of the Standard Atmosphere. The various temperatures, measured along the
flight path are also shown. As a first approximation it appears that two
nearly adiabatic layers are separated by a rather thick stable layer between
54o0 a4d 450 mbV (16,000 to 21,000 ft). A smaller stable layer appears between
400 and 385 b. The two layers of steep lapse rate appear to have potential
temperatures of 3010 and 3170 K respectively. The @ field fits the field of



IMS umV MA3UREM
Table 3.1 FLIGE 2018, 16 ISMARY 1952

Time Z is p T 0 v U D*
" "T Position ft ft -b Oc OK m0-1  RS- ft

1345 1st trough 29,790 20,200 301 -46.5 319 0 21 0

1348 wave crest 30,4w0 54,500 294 -51.0 316 0 31 -120

1350 2nid trugh 28,800 86,800 319 -14.5 317.5 0 21 + 80

1521 1st trough (23,1450) 18,O00 4 -32.0 313.5 C 2 ----

1525 vave crest (23,4o00) 56,o000 403 -33.0 312 0 314 ---

127 &Nudratt 12,4.2r j2,20C 632 - T7.0 30o4 -5 9 - 55

1220 vave crest 10,830 4'i,i00 674 - 4.5 30-1 0 4 0

123 updaft 11,070 32,600 665 - 5.0 300 +7 12 .110

1517 wave crest -A,170 45,500 589 -15.0 300.5 0 13 -I30

1549 dmmdraft 11,0('0 C5,400 669 - 5.5 300.5 -10 15 -

*At scm points D is indeter~inate because -o Independent value of Z was

comuted, the position in those cases having 'teen deterained ty Ur$1t or

by one theodlite.



motion fairly vel, i.e., it does not contradict the asstmpxion of adieatic
flova but in places it it inconsistent because of time and space differ-
0n~eE. With reference to the values of T and 0 listed in Table 3.1, it is
rmnd titt the lowest temeratures are found in the crests at all levels and
the iuolines of potential temperature approximate the streamline pattern as
should be expected if the temerature changes alocg a streailine are adiabatic
and tht lapse rate is less than the dry Wabstic 1kst • ra-e,

The D velues at the surface cbanged mzkedly as a result of the sateoy
ressure fall during the flight. The barogrm from bnzsanar Is shown in 1F.
.2 of Chapter 4 where special surface observations of this date are discussed.

The folloring values at various stations are given for the beginning and end of
the flight:

station L SN Cc E H I K 11H

121 POE: +90 -55 -11•, -110 -115 -90 -110 -115 ft

15M, PO: +115 -125 -205 -210 -235 -225 -255 -205

It Is pobable that the heights of isoAaric surfaces aloft Vould have do-
areased by at least 100 ft and probably 200 or 300 ft during the time of the
flight. Tihs again a qaasi-sywoptic cross section of the D field is rather
umclear and the coverage is incplete with a l•rge Wp in the Rardist-tracked
section of the flight wiere no Z values exist. In general the values inrease
vmmrd to 610 ab where the sorAding crossed that of the Standard Atmospre
and above that level decrease.

Significant values of D measured along the flight path are given in
Table 3.1. In the higher levels near 300 abs D values &Spea to be highest
in the troughs and lowest in the crest although one shoulA tqper this con-
clusioa with the observation that since the points are not at the saw level,
there Is wn6oubtedly sm influence by the vertical gradient of D. Novever,
the differences, of the ordar of 100 ft, are In close agreement with the ob-
semved acceleration of the wind from trough to crest at that level as v1l1 be
demonstrated in Chapter 9. The D values measured &irectly below the roll
cloud at the crest of the flow apear to be soamdht greater than thcse In
eithr updraft or dondraft-utfortunatey, -Ao meuurenets vere *a& in either
trougb--but this result is also somewhat Inconclusive because of differences
In elevation of the polint and the consequent effect of the vertical gradient
of D.

a nd v ro lles, Vpwind conditions at Merced are shown in
F6.33. The s3. rather moist air up to 4M ab and a stable laIpe
rate with on* inversim near 650 ab (12,000 ft) and another near ,80 mb
(19 000 ft). The tropoperse in at 218 ab (36,800 it) with a to~irtuire of
- . A stratospboaric inversion has a maxina temperature of -49OC. The
vind profile shovs a rather stro.:4 sear to 25,000 ft, above which tke geo-
strophic speed appears to be nearly consta.t. Unfortunately, no lodgepole
upper air data were obtainet. TLe Btihop vwnds at 0•'00 and 1200 PO agr
shom in Fig. 3.29.
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7. night 2o2o. 21 Nebrary 1952: a vek Lee wave.

Clouds and .,emther. Wisfw, veil-like lenticulx :loio as In irregular
patterns PePared over 0vens Valley (79g. 3.31),, fomrna and disappearing
at irreoltar intervals. *tratoc-mli lay in the valleys east of the Ino
)Lmtalus tith tops at about 9,000 ft. Another band of stratocimlus at
ab".-' the sme altitude stretched along the Sierra vest of the Alabama gills.
A^ .igh alt band thickening in the northwest shoved mooth vw*e fbm
along its leading edge.

m . Week wdrafts allowed a misa alitiuAe of 1,ooo
ft, from which eMn dowvind and uprind runs over the Valley w made
(Fig. 3.32).

Streamlines. A somewhat sbcarmal flav pattern resulted fr the
streNLnIM-~ls (11U. 3.33). The daovmdnd run passed throgh two vare
crests to a third which lay over the Inyo :montains. Eier, the mgaswe-
Sents of the umind flight would seo to indicate a single crest of lomer
wave length In the lover leve". Since this result is not In areemnmmt with
either theory or ctner observations, an exlanation is required. It is mW-
gested that a separate wave system vas Induced on the low level (8,000 to
9,000 ft) inversion by the predkinantly northvest wind at and below that
level; that that wave system may have oriented itself r to the trans-
verse ridges of the ea5teru Sierra escawmernt; and that the sailplane's path
my have been along a band of upward motion. Local convection or thermals
can be invoked but appear unlikely es an explanation.

In the upward portion of the vav3 the half-wave length is about
15,,000 ft, suggesting a full wave le.u. of 30,000 ft (9.2 ka) and the

m u vertical displacement about 1500 ft. %me constant used for chan-
nel thickness was 5. 2he wind was weak; the sailplane was able to spiral,
fly parallel to the Sierra. and upwind with ease. The lift %as smevhat
better south of the tracking network. Lift mras found at the leading edge
of cloud wisps but van not continuous between clouds. The maxima U ws
70 (t l A(l knots) and the maximum vertical velocities vere +10 and
-7 ft s" . As In the stremlinet of Flight 2015, the trough tilts upd
with altitude.

Other fields. The sounding was cocler than Standard Atmosphere
(s. 3.34). Stal• , ers appeared between 710 and 680 ub and between

5 and 5W mb. f- maxiaa deviation of any Individual point from the
curve was *lOC. 2ie tepare.ture field in the cross section is not sig-
nificant in itsel]. Simlaarly, the 9 field is reasonable, i.e., it can
be analyze-4 to agree with thc streamlines, but it is of Insufficient cover-
ae aud &ccuracy to indicate the lee wave when analyzed Independetly. D
values were negative at the surface and decreased vith altitude, but their
horizomtal variation in the vertical plane presented a coneased and in-
significant 2attern.

wd vinC••• .• m• • •files. . - .er air data from Merced and Loigepole
are , repectivel. Bishop v-vd s are plotted In
Fig. 3,34.
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"7i 3.1.- 114S M.T 21 February IM5. M from uBiok Mzrpt. Photo by C. Petwersm. U.S.
Mahress.
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8. Flight 2023, 19 -4areh 1952: a strong lee wave.

Cloa.A and weather. At sunrise the fghnwall in the vest svept in a white
blanket down the Sierra slope, to the south was a wvde f&mngap over a long
cloudfall, and a massive =sooth-topped roll cloud hovered over the east side of
the Valley surmwited by a high, stationary arch cloud (Mii. 3.36). The •ive
crest, with an apparent dowurind tilt with height, lay exceptionally far back
from the Sierra and the clouds were highr than usual. The top of the cloud
deck over the Sierra was at 17,000 ft, while that of the roll cloud was at
19,000 ft. The base of the roll cloud was at 14.,200 ft at its leading edge over
the center of the Valley nd at 16,500 ft directly over the Inyo Mountains.
Lenticular-form clouds were ob"-eved as high as 43,000 ft. The wave phencisea
persizted all day but by evening were &iainishinC.

Fiht !a= On the tovy, mderately turbulent air was ercountered
at low level$ twitraites of climb and fall of the order of k2,000 ft ain" -as
low as 7,000 ft. The sailplane was forced to release in strong turulence vest.
of Big Pine a& 9,500 ft altitude and continued smoothOj upward at a rate of
P,000 ft &in L. In 20 minutes an altit' ade of 33,000 ft was reached, by which
t se the sailplane was over the trac!ing area. The wind speed being exception-
LL4y strong and the downdraft of the wave appareAtly east of the lao Mountains,
no downwind run was made because of the uncertainty of beInS able to return
upvind to the Ovens Valley. Exploring the lift zone alons the Sierr& crest
(Fig. 3.37) the sailplane worked southward and continued to rise leeward of
Wtr. thitney. The tropopause va penetrated at 39,000 ft as the sailplane con-
tinued to soar at 1,000 ft min" into the stratosphere. A maxly-a altitude of
"4,5W0 ft* was reached at 1332 PST. A deliberate descent was made from that
point though the rat* of climb was still +700 ft ain-1 . The return to Bishop
was made by a "crabbing" flight up the Valley in the li't zone. Considerable
variations of horizontal wind speed and updrafts were exerienced as roll cloud
fraents fumed and disappeared rapidly in the lee of Coyote Ride southwest
of Bishop. Moderate to heavy turbulence was eaco~wtered at 13,500 ft east of
Coyote Ridge.

Streamlines. Due to the high altitude at which the traching run was be-
gun and Its Igiation to tUe vpdaft zone, the streamline pattern (Fig. 3.38)
covers a rather -11 area. Consequently, an exact determiation of the wave
length vas not posetible and both the a~litude and vertical velocities are
probably less than half the values of those at 20,000 ft. The constant used for
channel width vas 7.5.

From the half-vave length it appears that the wave length between 30,000
and 40,000 ft altitude waa of the cr-der :?f 9. 0 00 ft (28 kin). 2( in the
m altitude rang in the cross section is about 4,0O0 ft, The at those

levels was near 290 deg; the average U caqment vwa 317 ft 5-1 (68 knots) and
the maxim- U was 171 ft s-1 (101 knots) masured near 40,000 ft. No systm•tic
wind gradient along the y' axis was detected, probably because of t+he inseara-
bility of time and space changes. Wx in the cross section was +21 ft s"A at
36,500 ft. At 40,000 ft v exceeded +10 ft a-1. It is -.robable that vertical

*ft& present world altitude record for sailpanes.



vc.1ocities in t~.e reoll cloud region were of the order of 1'60 ft s-1 vith
shorter period gusts of the order of ±*100 ft s-1. The tov.Vlane, exploring
the lower levels of the lee vave in level flight attitude after the sail-
plane's release, experienced. steady 3,000 ft zin-l rise rjear the legAinga
edge of the roll cloud and a 6,000 ft miin- -faU in the downdraft sot~th,:ast
of Bishop and vest of Black )Moutain of the Inyo range.

Other fields. A flight sound±ng is~ plotted 1la Fig- 3.39. Thne air

was stable between 550 and 500 mb and approxtimatel~y dry Adi'batic to t-heI ~ tropopeause near 200 mb (349,000 ft). A mini==m to~ersture of -780'C was
measured there, and at 4i4,500 ft (154i ab) the teqperture bad risen to
-710 C. Cowws=eio of the aiscent. and descent temerature curves indicates a
considerable cooling aloft during the time of the flight. At 18,000 ftI the air had cooled about 100C in 3 hours. This can be attributed to the
passage of th, cold front at these levels as can be seen frcin the large-selle
synoptic charts in Chapter 5. (See Figs- 5.4I6, 5.IT, and 5.118.)

The field of potential temperature was chaotic in the cross section;
values ranged from 3070 to 3j70 IC vith no logical pattern. The reasons for
thlis--large 8/at and a/ay'--are easil~y seen on exaa~aation of the sounding
and the horizontal fli4ght path. Another difficuilty in 0 aaailysis on
vertical cross section-s is the smal variation of Q in an altitude layer
of sevtral thousands of feet vhereby actual horizontal variations are of the
same order of mgnitude as time variations and errors of measurement.

D values measured reflect the syn1opti c situation and, perhaps also
the variations caused by the lee vave. The values wre generall~y negative,
ranging in the cross section fromi +170 to -4~30 rt. mhe wie Yalu". with
respcet to the (x,z)-plane were found in the trov4gh to the vest and in
the lower alti+*das,; tiw rTns v~~ ere ftxmd in the .a~t at the hite
elevations near the crest of the wave fl.ov.

a~ vidMfls As no radlosende data fron Merced were
avai landthe uner fw vas terly vestowly, a mean scimding for Oa.land
and Santa Maria vas constructed (Fig. 3.40O). it is simlarw to the soundiog
of 18 December .1951 (Fig. 3.14.), but with a higher inversion at kf a
(19ý,000 ft) and a clear-cut tropopaswe at 1.93 -* (39,000 ft). Vhfortunately,
true vinds are lacking above 10,000 ft, so geostrop1kIc winda wv'x used to
construct the vind profile.

The Sequoia soundineg is sho%= in r-G. 3.391. Nj uin.d nwaeuawmnts
could be -- ie because of the strong flov and. the Presen1ce of the cap cloud.
In Fig. 3.39 are also shown the Bishop vinds aloft. The I"0 PST ascent
reached. an altitude of 60,000 ft near the time that u~nai. altitude Was at-
tained by the saillplane. Of great iaterest are ths strong positive wastical
shear between 7,000 and 25,000 ft and the lar(;e negative shear above I15,000
ft.

9. Flih t2025 0 CIArc:. 192: a moderate lee vave.

Cloud~s and weather. Bo lenticular clouds appeared over COrens V-11ey
but wave forms were objer-ed. to the north azd over the Mojave Desert to the
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;se'Ath. Tihre wore a fe'; scattered clmuli and a few transitorY roll cloud -raj-
ment.,; in the Independence area. Th- San Joaquin Valley va,; covered with a
;ttt ;ctV.¶ 'lodeck.

Flight sumn.ry. A two-sailplane operation wa.z performed but only t.•.tc
dattiý from the theodolite-tracked flight wao reducible. The path of this
flight is shown in Fig. 3.41. Release was made at 13,700 ft after moderate
turlulence (-6, +2 G's) was experictnced on tow. It vxas found that the best

i' lay betveen Black 1 Nuntain and Kearaarye Pass. The maximum
aiLitudv reached was 27,000 ft. A seco'±d wave crest was not found on the firzt
dow:4,wind run but an updraft orone of a second wave was encountered at a lolar
level on the second run. Rotor zones were marked by turbulence rather thaxi
cloud.;. Be .ow 8,000 ft only turbulence and dovnmdrafts were encountered.

Streamlines. Because of space differences along the flight path in the
y' direction, it was necessary to plot and anulyze three separate vertical cross
sections. All were quitt sixnila'; one of thema is ruproduccd in Fia. 3.42. The
principal difference among the three cross sections was the position of the
trough and crest of the flow with respect to x'. These vnxied by approxtuately
10,0W.0 ft. acng x' as a consequence of the west-northiwest flow, and the varia-
tion of the Sierra crest. In aUl three the wave le•:gtli - ..r.. tz- be about
25,OOU it and 2ýmax about 3,OOC0 I't. C ws 5. The direction of iN ras aboiut
300 deg; Umax was 69 ft s-" (41 imots) at 25,000 ft. Vertical velo2ity .=axlua
were +20 and -8 ft s-1 as indicated on the cross section.

Other fields. A fligCht sotuiding is shown in Fig. 3.43. D values are
posLitive; tncy increase from west to east and generally increase with altitude
with an apparent minimum value at 24,O00 ft.

Sotunding and wind p;ýof.U!u. Again, no Merced sounding was mndp hil t '.'ve
the flow .. .. wcat-northwlec, th,• O't-Ind 1500 GCT data are used to represent
upwind conditions (Fig. 3.44). 1No Lodgepo:le upper air data wrere obtained. The
Bishop pibal is shown In Fic. 3,43o

Stu~mary of meteorological results.

The streamline cross sectiono, and soundings presented in this chapter
suxnarize the air flow pattern in Lhe lee of the Sierra and the quasi-synoptlc
upwind. iemperature and wind profiles ii the vertica.l for 9 selected cases.
CC1I.�iLVL. 11 hV dWpiria l:'esuit:, r-om all the cases, the foiloving conclusions
were draim:

1) Oome lee vravez appear to have relatively no tilt with height while
in others there is rather pronounced upwi:rd tilt. The observed wavelengths
..angac' from 14,000 I-( k(.- k4 ) ii, the wea1, lee wave of 2) January 1952 to
90,000 ft (28 km) in the strone lee wave of 19 March 1952.

2) The flow is adiabatic; teperatures are coolest il th-" crests and
warmest in the troughs at all levels. In general, leevard sovndings alp•par to
have steeper lapse rates than, those from windward writh umor temperatures in
the lo;wer troposphere ,:d coole)l 2,z.•peratire in the upper tropoaphebre.



3) In strong lee itaves without appreciable tilt, the maximum wnd
:jpeed in the horizo>+t.1 occu.rn at the trovh& aL levels below the roll cloud
zý,nc and at the crest at i•velvl above the roll cloud zone, At a level in
the roll cloud zone the vertical velocities appear to reach maximum vallues.

4) All of the 3 cases of strong lee waves were associated with
similar upwind temperature soundiAngs with pronounced inversion layeru irhose
tops lay between 12,000 aFnd 19,000 ft altitude. The otier lee wave c.ere6
of .•ioderate and veak intensity were associated with varying degrees of
stability in the troposphere but ;enerally withaot big inversion layer- near
mouuntain top level.

5) Tn the 3 strong #-e ,rave cases the wind profiles were similar
with larje ve~rtical shear in the lower troposphere and with speeds increasing
to maximum values of the order of 100 knots near 30,000 and 40,000 ft. Wi.nd
profiles for the moderate and weak lee wave examples shoved lesser wind
speeds at moutntain crest level and lesser vertical shear in the troposphere.

i)Th pMneipl •adi•.::t of D value is that In t~he vertice! t_., t'
h so'un.r4o beinGL waru.er )r _o2.der tZýan thae of t. Standard Atmosphere.

Sksiiuificant horizontal diJfercices in D are detictable only in strong waves.
In the only strong wvave case* clowit.g ccomparison between points at roughly
the same level, it was fomnd that in the up-er layers there was a gradient
of D frcan trough to crest Df the order of 100 ft; this difference
was in agree:.,ent rnit; the ob.:erved increase in wind speed of 10 m s"
from trough to crest at that level.+ In the lower lAsy- ': a strong lee
wave the gradient of D betwceon trough and crest is eit!Aer less than, or in
the opposite directir, to, that in the upper levels. In none of the
flights were large negative D values (altimeter errors)** measured.

Conclusions concerning the problems of Lna2.ysiso Streamlines de-
rived from the horizontal and vertical wind comnents show .Vst clearly a
"synoptic" picture of the lee wave while the analyses of the iields of
temperature, potential temperature, and pressure (D values) present more
complicated end somewhat confused patterns because of their greater
sensitivity to instrument and data reduction errors, "streakiness" of these
variables in the atmosphere itself, and to time and space (north-south)
variations in the course of the flight. It appears that if a lee wave
persists for several hours during a day--and it is usually observed to do
that--the wind field, which depends upon the slope of pressure surfaces

i.- n. " t-u-n Aepencls uun the spatial 'horizontal .and vertical) gradients
of temper.-.ture, can re,_ain more nearly the same while the absolute values
of T, and, consequently, G and D, are changing more rapidly. The D fied
vas iurtner limited to theodolite-tracked portions of the flight since no
Z values were gotten from Raydist. Finally, analysis of the 0 field was
nearly impossible throughout deep lsyers where the lapse rate was nearly
adiabatic since in those reionz inztrument errors, tine variations
(30/at), and north-south variations (a./ay'y) were all of the same order of
magnitude as tre vertica] variation (8@/az).

*•light 2o2.3, 16 Feoruar., .

+See Example 1, Clhaper 9.

This subject is dt-cuse nore fiuly in. Chi'.pttr 9.
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Leaving the discussion of cthur techn.Lqueo of measare-lent to a later chapter,
refinIent of this (sailplane track:ie) technique of obtaining quantitative lee
wave data would require these improvermiets:

1) 14ore accurate instr-mentation. In particular, IIt woul.d be desirab2e
to have airborne thermcomters accurate to the order of ±O.1 0C.

2) The flight should be mde along the wind and cover as large a section
of the vcrtical plane as poscible within a relatively short tine period in order
to minimize effects dus to non-fulfillie:.t of the steady state condition,
Wat = 0 and the two-dimensional condition, a/ay' . 0.

9

9
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•.ROTO FLOW STUDIES

ILtro luction.

What is known as the rotor zone is the layer of the lee wave flow
centerL& near or soewhat above mountain top level and extending downward
to the surface and upward through a depth varying from 2,000 to 10,000 ft.
It Is generally more turbulent than the laminar-like flow of the upper
wave and r•y or may not be marked by rotor (roll) clouds. The air flow
within the cloud is not actually rotor-like but gives this illusion because
of ibe strong vertical shear through the layer. For examples see Figs.
3.2, 3.9, 3.28, and 3.36 of Chapter 3.

Awareness of tha rotor or roll cloud as an important feature of
rny Sierra lee waves increased greatly during the latter pert of the 1951-2
fi,.ld project. After a 1tv.dy of the tine-lapse motion pictures of the
rotor cloud phenomena of 18 December 1951, it was pointed out by Pro-
fessp~r J. Bjerknes that the flow pattern resembled that of an cdraulc
"pressure jvap and it wav ddc'ded that this h.,pothesis should be tested
by obtaining pertinent da-.a ft'om the rotor cloud zone.

Special mea.~urae.ts which were began in February, 1952, are de-
scribed in Chapter 1. TLey include the meteoiop-aph flights, the place-
ment of additional barographs across O(tns Valley, and the mobile surface
observations of Dr. J. :"x=. These data were treated in a preliminar
studY in 1952 by Knox, who developed a one-dimensional dynmic model of
a pressure jump and applied this model to test the observations frta the
case of 18 March 1952. The results of this investigation were encourra-
ing but further progress was frustrated by serious uncertainties in data
reduction and analysis, and the lack of certain critical measurmafts.
Specifically: the ground stations were unsurveyed at the time and an
adequate large-scale topographic map of the area did not exist; and there
were no quantitative measurements of wind velocity at the ountain crest
level, above '.he cloudfall, and over the rotor cloud.

Having lain fallow for a few years, these data have nov been re-
exemined with the object of organizing then in a coherent fashion. The
cases chosen for presentation of analyzed data are the strong waves of
16 February and 19 March, the sailplane data of which were treated in
Chapter 3, and two additional cases which, except for unfortunate fail-
ures in film transport and processing, would have hW' comlete sai3plane
coverage as well. These latter two cases are the moderate wave of 3
March and the strong wave of 18 March 1952. The surface and uner air
synoptic charts for all four cases treated here are shown and discused
in Chapter 5.

• . \



Treatment of the data.

lurface observation! a•d meaiuremeits. 7 .e Lbatio..s and altitudes of
tne burograph stations are listed in ChapWter 3 :d ame ::iow.: Craph-
ically in the horizontal and verti.al flight se- tions of that chapter. The
barographs a; the Ski But (SH) and YAnzanar (H) were set according to the cor-
rected mercurial barometer readings at those ut -tions.* At all the other
stations the barographs were net by a precisior aneroid baroueter which in
turn was corrected to a contecprary reading of the mercurial barometer at
Manzanar. The barograms were corrected for tle and pressure errors by coupaxr-
ing chart readings with notes taken at times o settin6 and rmoval of charts.
Some random errors are probable due to variabl - hysteresis in the aneroids and
the inability to check and reset the barogrm- daily or oftener as is usually
done at weather stations; the probable maximus absolute error of this type is
*0.03 inch.

Other fixed instruments were a therrvi sjMh and an ouemograph, botL lo-
cated at Yknzanar. The theriosýam vus correr ed for time and mercurial
ther==meter readings at the beJ._nnirg and enc of each trmice. The anmogram,
which indicated wind direction vLrd speed grea aically, was corrected for chart
time errors.

The mobile surface :mcacurements, take. at specified points at lalf-mile
intervals across Ovens Valley between Kears%_Ge (11) and Ec.:ert's Cabin (EC),
consist of the following:

1) Pressure measured by a Uallace a d Tierman aneroil tjr%.ter to
the nearest tenth of a millibar, and correc ed to the mercurta2. ior'veter at
Mmnzanar. Correction for local 7ravity (mi us 1 mb) was also api. •.

2) Temerature as measured by a ste idard sling psychr= ,•t.
uearest tenth of a degree Centijrade.

3) Wind speed measured by a Friez hree-cup anemometer to %Dae n. c
mile per hour.

4) Wind direction measured by a vi id vane and a pocket compass to a
sixteen point compass scale.

5) Notes on the development and m.aement of the rotor zone. These
notes are documented as well as possible rith photography,

Pressure data flom ooth mobile ant. fixed instruments were reduced to D
values by converting pressure to pressurc alt..tude and subtracting the latter
from the surveyes altitude of the statioi.. Temlrature was reduced to poten-
tial temperature by the formula Q - T (1' 10/p•-/. Because of their relevance
to vertical cross sections of the wrave f.-ow at I for the reason that they gen-
erally vary more slowly with height than p and T, D and 0 were used to
represent the surface pressure and temerature fields, respectively. Since the

*Besides corrections for temperature and scale errors, a correction of

minus 0.027 inch was applied for local gravity as explained in Appendix B.



measurements were made during a period of several hours and since iLortant
synoptic and diurnal changes in the fields were occurring duwing that time,
it was found Most convenient and meaningful to plot 0, D, and winds on tvo-
dimer,.io,,al (t, x') c.arts. On these diagrams the tir.e, t, ranged from
0700 to 1900 PST and x' fron the Sierra crest tc the vest slope of the
Inyo Kuntains. In these analyses the D field is the most co~lete since
the continuous barogramu from several stations could be used, whereas 0
3rd wrind analyses depended solely on the mobile measurements and conti=us
data from only one station, Manzanar. As can be seen fr(m a orixontal
flight section and from the map In Figs 1.2, all of the stations except
Hanzanar (M) fall closely along x'.

Upper air observations* Meteorograph flights w-re made in the morn-
ing vnh ith a few *.ceptlons, was before the lee waves had reached their
maxim= development. Lack of a sufficient mmber of flight personnel and
the limitation of the trachitS systems prvented uAal exploration in the after-
noon by both sailplane and poWvr plane. Consequently the meteorzopas could
not be used in the same cross section as the sailplane flight data but had
to be treated separately.

On the power plane flJ.'Gts the meteorograph vas suspended in a frame
under the left vine of the aircraft; teoperature and pressure traces and
time marks were made by three pens on the blackened chart attached to the
hand-wound revolving drum. The tracez were made per~aent by dipping the
chart in a solution of shellac and alcohol after removal frua the instrument
at the end of the fli~lht. In reducing these data, the time marks were
identified from the observer'sz notes and the listances ftim the flange of
the iontemorary pressure and temperature traces ver-: measured by dividers.
Ftom the calibration curves of the instrument these distances vere con-
verted to pressure and temperature readings which vere in turn corrected
for air speed (dxnamic effects) by the following forualas and table:

V I AP

80 qh +3.2 mb AT - 0.85 (VT/ l00) 2

85 +2.8

90 +2.4 vhere ;T V, (1 /po)I/2

95 +2.0

100 +2.0

and V = indicated airspeed

VT = true air speed

P = actual air density

Po = density of standard conditions of po, To

The f.1-ght path was plotted bcth on a 'Z",T) section anC& on a trans-
parent overlay of the topopaplhic map (scale .:o2, 50); projected on the x,
axis; and plotted in the (x', Z)-plane. Critica.L points, including the time

• ' : •A ...•a•" '• "....
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marks, were added where rhb. values of S cumputed as described above were plot-
ted. This field was the only one analTzed in the vertical, there beinz no

L,. c. rv..as ireuent nma~e of eithtr wind or of D value. Clou.d and terain photo-
;r ,.•i vurc very uceD,\l !n hclpinj to reconstrLct the f.ijAt ,at4 aid to 3,3-
t:i2ize the etrLct•ure of the lee imve in the vertical.

Other upper air measurements used were lodgepole (LP) soundings which
were used as guides in the analysis of the 0 field over the Sierra and Bishop
double-theodolite pilot balloon comEputations which were examied for effects of
vertical motion.

Case I. 16 February 1952: a strona lee wave.

A review of the other observations from this date presented in Chapter 3
(Cace 6), Lu. be made by tic reader. T..e strong warv shoirn in Fi-. '.2C
was in the early staSes of devcosient dur'ng the metceroa;raph flight as can
be seen by the cloud structure (Fie. 3.;26 a) at that time. ror this reason and
the fact that this was the first mcteorograph operateon irith con.equent in-
exjerience of techniques, the datu -oulc not be made mcanir.Gtul and so have
not been preseisted here. Euwever, the surface meas're,cnts are shown and re-
course is had presently to the Fliht 2018 cross section for pertiLent rotor
zone measurements.

In the (t, x') distribution of D in Fig. 4.1, the large pressure fell
throughout the day at all stations is )ronourced &d the tamZora. gradisný. of
D is rore striking than the spatial gradient until late afternoon, when a
distinct low p-essurv area formed vest of Independence. The barogrve from
Hanzanar is shown in Fig. 4.2.

There was no thermoigra record frcm ?anzanar oa this date but, fortun-
ately, the trip up the Sierra slope was made near the time of maxim•A teer-
ature so that some idea of the diurnal change can be had. The 0 analysis (FiY.
4.3) sugsets that the isolines of 0 are roughly parallel to the isolines of t

but there are not encugh data for certainty.

In Fig. .14 are shown the wind measrementl and various observations
of weather and rolY cloud positions. The mobile measurements were made in a
region of lateral.Ly overlapp~nG roll cloud lines L'uring Much of the &dy. The
sotithernmost loand lk- clos(r to the mountUai crest t,%i the larger band ex-
tending r.orthward. Thi3 e:fect ws probably due in part to stronger vind veloc-
ities aloft in the north and rather more of ýhe upumra jog In the Sierra crest in
that arcs. It will be recalled that the same problen had to be dealt with in
the analysis of the sailplane flight data on thio date. In General, the
winds across the Valley have large E or SE ccmtponents durirZ the morning and
early afternoon, shifting to SW and then NW in the late afternoon, There is
no appaent correlation with the roll cloud positions. The most abrupt change
in the diurnal wind pattern occurs between 1515 and 1530 PST, uhen the shift
between southerly and northerly winds takes place. This is clearly not a
lee wave effect but appears to be of synoptic origin, yerhaps a shallow
frontal passage or simply the reversal of the y' pressure gradient in the
Owens Valley as the lee trough becomes more intense in the Lone Fine area than
in the Bishop area. The following time section at the Bishop Weather Bureau
station (BIH) illustrates the chances in the various surface fields durirg the
day:



Wind
TIM D I'D Speed & Ousts
(P•T) (C) (Oy) (07) Dir. (n)

0730 0 31 26 WNW 3

0830 - 5 37 27 SSE 5

0930 - 35 4 24 S3W

1030 - 45 47 21 C

1130 - 80 51 21 SW 8

1230 -120 51 23 S 1

1330 -150 56 21 s 8

1430 -- 90 56 20 SSW 6

1530 -200 53 -3 W?-W 15 + 29

163o -21o 56 N-7 N 15 + 31

1730 -230 53 18 N 16

1830 -225 50 19 1, 12i+20

1930 -2k5 48 24 N 19

In order to ascertain quantitative values of the various synoptic
fields in the vertical plane throuh this strong lee vare with a vell-
developed rotor cloud, oue can review the measurement at critical points
along the path of Flight 2018 on. this date (Fig. 3.28), Vhicb data we xt m-
marised in Table 3.1. As meutioned In Chapter 3, the mil== v slon
a vertical throu4g the Inflection point upvind of the wave crest occurred at
15,250 ft altitude near the leading edge of the roll cloud. A maximm of U
along the same vertical was found at 15,750 ft. The stremlne of axia
amlitude passes tUrougb the center of the roll cloud but its an altitude--
that at the inflection points of the flow--is 13,500 ft. That the streamline
of maxima alitude sotold occur at a lover mean altitude than the altitude
of the axia•m updraft is a result of th! dependence of the former on the
maxima slope of the strvamlines a a wU-' rather then on v alone. A large
positive vertical sheer in the U profile tbrougb the roll cloud gives a rotor-
like character to the relative circulation i•n and about the stationary roll
cloud. Negative values of U are fouAnd under the roll cloud between the
ground and about 8,000 ft--vell below the base of the cloud.

Case IIL 3 March 1952: a moLerate lee wave.

In this lee wave examle four distinct vave crests formed across Ovens
Valley in the awning and, as the da progressed, the wave length incrased
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Fig. 4. So - 1015 PST, 3 March 1952. Imetuord fre. 12,000 ft. lIh&
cloud deck over wiadeerd *lape of Serra with leadi, a 0dg of wave
cloud over Noema Valley. Mt. kitmey at canter of creet.

Fi 4. Sb - 1400 PST. 3 March 1952. Ovua teerd from haksop Airport.
RDII clouds and flhavall. T&o wave crestr are ivcdicated, the aeciad
lying over the easter- slope of the Jayo Moumtais. Photo by C.
Patterson, U.S. Waalthay Iareeu,
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until two wave crests lay over the Valley and a third over the crest of the
Inyo Mountains. At sunrise the sk.y was nearly clear, but soon after thet tinr
S.':-vc :•'t• formed rapidly (I'ig. . 14.5a). A cumulus wall built up over the

Z-,rra at i5,000 ft, at which level roll clouds developed over the eastern
slope. The wave phenomena resched their maximum intensity about 1100 PST,
when both the wave and roll clouds were rather well developed south of Bichop.
By early afternoon the higher clo'.d layers had all but disappeared and the
rotor circulation was marked by detached cloud puffs instead of a solid bani
(Fi&. 4.5b). The f~hrivall swept down tu about 10,000 ft at noon and strong
downslope winds with blowing snow were encountered in Onion Valley. Later the
win.d there abated and the cap cloud became tenuous. In the evening the sky
over the Owens Valley was clear but the f6hnvall--probably composed of falling
snow--remained for so.e hours. T~ie front passed that night and by the next
morning the sky was cloudless.

The analysis of the meteororsm data is shown in Fig. 4.5. The
Lodgepole sounding made about one hour after the flight ib sllcn in Fig. 4.7,
together with Bishop winds aý Q70O0 vrd 1200 PST. These radiosonde data wcre
used as guides in drawing the potentiil taw.perature field over the Sierra.

Mobile observations covercd only the latter part of the afternoon. In
the wind field of FiZ. !•.3 sot.heri,, componcns preCo-:n!'.atc. The fghngap was
rather narrow and the second roll cloud line then lay over the east side of
the Valley. The Q field was aot of suffic~ent covera,;e to permit analysis. At
M the minimum value was 2770 at O07W PST, the maximm 294o at 1400 PST; a value
of 2950 vas recorded in the fIohvwall at =C near 1430 PST. In the D field (Fig.
4.9) diurnal changes predominate; the maxima were centered near 1000 PST and
the diurnal minima at about 1600 PST.

The thermoiam from M for the period March 2-5, 1952 ts repro-
duced ir Pi,. 4.10. Three lee wavvs occvirred at 13 hour -ntervals durinG
that period. Of particular interest is the pronounced f6'n effect netir 0200
PST on the morning of the 5tn. The CC and EC barograms show large dips near
midnight nf that date, similar to those of a station near a t'ornado passage.

Case I11, 18 March 1952: a strong lee wave.

Had sailplane Fl-ght 2022 of this date been successf,.i in gathiering
continuous data along its path, the coverage wuu/d have been as great as that
of Flight 2018 ou February lk. Unfortunately, rhere exist only atborne
measurements frori the beginnlng of the flight and only tracking data from the
end, am! either )y Itself is insiifficient for the meteorological _nalysis.
However, the observations of that flight and other measurements made on this
date have provided much information on this strong lee wave with rotor clouds.

Clouds and weather observations. The 17th of March was a calm transi-
tion period between the most severe storm of the winter and the great lee
waves of March 18 and 19. On the afternoon of the 14th it began to snow and
continued until the morning of the 16th. The Bishop Airport vas isolated as
deep drift. blocked the roads and heavy avalanches occurred in the nearby
mountains. The morning of the 17th dawned calm and completely clear, but at
sunset two orange-colored lenticular -'loud stacks lay to the north and south-
west of Bishop.
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Darn on the -ming of the 18th revealed a nearly matwe Wave.
were brukeu cimuS and altoctualu clouds, the latter ccamp*d moszly of
smooth, stationary forms. To tne south was a massive cinam roll c.ml
while other detached rotors *we seen in the lee of the Serla in the northern-
end of Ovens Valley as veil as over the Jono Lake basin. fte Diahboy baez ah
trace showed remarkable un&lations starting at 0X P*. Me early mte -o-
graph flight (*19 fro 0700 to 04O FAr) ft•u strong up-and Wndraftz:
of the order of 1,000 ft/am as low as 6,WO ft (2,000 ft above the Valley
floor). Three passes re made across the Valey new Indeedence at
13,000, 18,000 and 9,000 ft between,, over, and unr the roll clouds, en-
countering a maxima lift of 3,500 ft min-1 just vest of Inqinde e at
13,000 ft altitude. The leading edge of the roll cloud was about 3 miles
vest of the Ind.Pendence-JMbzau~r line, blte the trailiAg ep was over the
extreme eastern side of the Valley above the fault line at the base of the
Inyo Mountains.

Since the f8bavall extended rather far eastward It %as not prudent
to measure the !axI.,m davndraft in that area. The greatest rate of fall
(-1,800 ft uin- ) occurred about over Kearsarge Statice. One mile east
of the Inyo Mountain crest the aircraft rose 1,•CG ft in 2-l; below, strato-
cumAlus cloud- whirled at y, O0 ft in the lee of the crest. To the north,
in the latitude of Old Camp independence, wbhre a ridge of the Sierra
meets the Valley and the Injo 4ountains bulge farthest vestwad, the roll
cloud swept upward aorvpt.y to form a tall, snoothly-cappeW tower. Above
this dark gay mass was a clear gp of blue sky on eiLher side of which
was a white, stationary wave clud; one va over the center of the Valley,
the other over the iee of thc Inyo Mbuztains (Fia. 4,*la). Cm the return
flight it was noticed that the ripples on ponds on the east side of the
Val.ley indicated a moderately strong east wind at the surace. WhIle attl t-
ing to land at Dish* the aircraft continued rising 600 ft aim-1 at 5,000 ft
with the control -tick thrust forward. In order to descend it wa necessary
to use flaps and to approach the runway in a sideslip.

The sailplane took off at '.0k5 PO, released In severe twmbulence at
12,000 ft over Red Mountain, found an initial lift of 3,000 ft ain"1 up
which ra-&ally decreased as it ascended. Wile flying in the Op between
the rotors and the arch c..oud, the sa3lae suddenly became enveloped in a
cloud. Upon breaking into the clear once moe it was ceen that In the same
area where the roll cloud tower bad been observed earlier in the moni
there vas now a dark pillar of cloud connecting the rotor cload with the
upper wave deck.

From 31,000 ft at 12. v, PST one co.ld se- the ,h ', heretofore
quite thick and obscuring the Sierra, beccmang less dense; by LAO it had
a&mot comletely evaporated. Shortly thereafter the roll cloud had also
dissipated markedly and at 1310 tne rotors vere not continuos in a solid
band as before but in separate patcaes. To the vest was a h4Sh white wall
but the snowy Sierra crest va.- e.eorly, v vs1- with only snmal Sc patches
here and there becom.ing a co~tinuous mass over the western slope and above
the San Joaquin Valley.

Near 1400 PST a hi&h wave cloud was observed over the Sierra crest, a
band o0" blue beycad it, and, far to t.e vest, another stationary ba. Ovwer-
head the upper cloud, a thick altocumius lentic,'daris, had reformed above
a growing, nicely arched roll cloud. At 1700 PST a solid stratoclmlus dwck
covered the Sierra at abaut 15, .#0 ft, and at sundown a towering cloud deck
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rig. 4. 11b - 002 PSTIS 18 arck 19S2. Nort•east from 14.00 ft. W11
clowd ad hi% move cloud of first crest (left). MA l1ooa8g d4P *I
smecd wave cloud lies (maper rigt). Note brieik ia %er wave cloud
VFW&" of Disk" wher Siers greet jug wetWr.
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was seen to the northwest. That night, however, the sky overhead remained
clear and the strong lee wave shoved no sign of diminishing.

Below is a sumearl of the Bishop Weather Bureau observations for the
period:

Wind
Time D T Tb Sieed

Date (PST) (ft) (OF) (OF) Dir. (ph)

17 1330 46 22 NW 10

1630 44 30 SSE C

1933 35 29 W 6

18 043- ,7 21 W. 8

0730 - 65 31 23 SSE iýo

1033 - 50 47 29 VS71 12 + 22

1130 ý2 18 3 12 + 30

1230 52 22 S 6

1330 -120 52 20 N :6 + 28 VL o&=T

1430 54 13 N A +26

1530 55 16 N 9

1630 -130 52 18 N 10

1930 -110 4 19 W 4

19 0430 4 S 4

Lper air axungs. Altbci'gz there were no rtid soundings at levels
above 10,000 ft. ftm 0&land, !e:red, or Zanta YMiri4 oa tb's late, by a fortu-
ALate circumstance a weather .. iip returning to port mi.. a sounding off the
California coaast, exactly qz'ind of the High Sierra recion.* These radilosonde
and ravin mea.vrements are shov i Fig. 4.12. The 0•aUaad so0udL-ng (not ahown)
has a. very stable layer between 640 and 440 mb and roist air to 350 ab. The
Santa Maria sounding (not shown) is siiLixr to that of the weather ship with
moist air to 800 mb and, an inversion top near 740 r.ib but vith greater moisture
between 640 and 340 mb; its tropopause is at 170 ub vith a temperature of
-7-.C.

In Fig. 4.13 are shown the Lodgepole (LP) scanding at l1X PST, the
flight sounrlings made over Owens Valley, and the two Bi4sbo. double-theodo~ite
wind a;ourdings. In the Loigeioole sounling can be .,eea thc pronounced inversion

*See Fig. 5.44 in Chapter 5.
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and moisture distributtogi az oclated with the f'low over the Sierra. No vinds.
vere anessued at 1,04geloole where light snow vas; falling. The flight scuaA-
ings Indicate the high inversion and also the grester lapse rate In the 1...

A rather renakaLle pilot balloon flirht fro the Dishop Weather
Bureau station at 1.200 PST on the 18th is illustrated in Fig. 4i.11s. Col:tc&
(1952) has made a detailed studyr of the Bisho double-theodolite ascents
during the spring of 1951 and has found Isportazt differences in the ascen.3ion
rates of the 100 gims bal1.ocv for different mnosths and for different alti-
tuides.* In order to obtain a rough estimate of the vertical notion of the
3AX along th& Path Of the ballIOOD, the mean (7*r.Lary to MAY 1951) ascension
rate for each level as deterained ýby Colson was subtracted from tbe observed
ascension rate at those levelso * ac valiesae w neerrue beoais tur-
bulence tends; to Increase the ascenasion rate of the balloon. Nowvsrp
between the 8th and 16th minutes the ballooo encountfred a broad reWio of
downdraft with vertical speeds grea;Vr +_n 10 ts- n with a 1maia
suwtained value of about - 30 ft, s- between the 11th and 12th mimates. Mr
trough in the vertical panme .m's near the 17th minute; for the rinminin
thre~e minutes the balloo. was in a region of updraft, Termination was 4L~
to obscuratIomu of the b&L.Zoo by a lent icular cla..A. Thlis ox1.d serves
to I llustrate the errors lnhe~rent in singla-t~eodi lite -esit based
on an assumed ascent rate; in d0Wdrft3 the -- L ad horizontal windl speed
exeedso the actual speed and in updrafts tha couputel _1xixontal speed is
less than the true speed, It is probable that lee vawes wer responsible for
many s imnou.s wind speed curves Proni single-t-he,-Aiite stations, In mountainous
terrain.

Along vita the pibal lata, observations from the Vb.Lte Aoutain Re-.
search Laboratory (114) at 1CP,l50 ft an the crest of the .wuntaims northeast
of Bishop provide scne interesting supplemetary information about the
circulatioc of the roll cloud zone. At 0800 PST? they rLv-corded z steadt'
east vind of 23 knots. rI. appears from pbotogaIphs and the 12,000 ft
(m.-sol.) broken "Be" reported at 11K that the second wave roll clond lay ever
the W~hit., 3mjntaina at that tine, The temerature thine at that timvexwa
L6OF (-90), but the maxl~ta raaw for the day--unrtmt~ the time
was not given--we 34OF (+l0C). Thene values awe plotted on the tqbila
In Fig. 4. 13. Since UK4 WMEMPrame we repmeentative of u~Wa air tes-
perat~ues at that level., and since the overall synotic de'veloiineat led to
cooling aloft during -,e day, it is probable that the 100C warming was caused
by the adiabatic heating in the ise e e. The 1Iup.ed increase in wave
levath and cocs.aemt, approach of the second trough to the crest of the 1hit.
Mountain Is confirmed by the c&lald obstrvatiao~s frm BishoxV and from the air-
craft; at noon the first roll. cloud line lay over Bishop and the second In
the lee of the White 4ountaim. 2 he pilot hall-inc path in Fig. 4.14 crossed
the NIute )k jitain crest about 61 miles south of Iii.

A act -. rgm from. 0800 MS on 1~3 March is repto&aced in Fig. I..15 and
a vertical Q cross section of 0?- rotor zone based. an these data an sp
peamentary otservat.ocs is shown A-Fig. !&.16. The analyzed fie-ld i-s that
of potential temerature based an dkta measured aloon the flight path
(dashed line) %nd on the astumption of adiabatic flow. Mb clouds hav been
carefual~y sketchea fro several photographs made &wing the flight (e.g.,
Fig. I4.1-1). The sms.-1. cloud in the l.ee of the In~yo l1bunta.Ins appeared to
Acrm i-. a vertic -.- eddr ttere. It is interestizg to note that this was the
sam time at 'jhich the strong east trind at W1 ias recorded. 2his pbanmeo
does, not occur in the 12e o: the Sierra where the downward. speed is preat and
the high cl(,udfall is ccxiposod principally of Afalling sniow. Altbmutb tba
flight precede-d the Lo&.epole sou.-ding by about. 3 bouwrs, the latter data kave
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been used to guide the davina of 0 lines over the Sierra creeto It is quite
possible that the generally higher altitude at vhIch the 0 liaes occur over
Lodgepole are indicative of cooling during the 3 hour interval after the me-
toorogrm flight. The arrovs near the surface represent the z' cmonent of
the mwface wind at 0800 POT. The indicated wave length of the flow at the
6oo ab level to 58,000 ft (17.7 km) fram trmzgb to trou anad 5k,000 ft (16.5
ka) from crest to crest, or an average of about 17 im.

Surface aessurmerts. A very active day of field vyrk in vhich continu-
al readings yore taken across the Valley between 0800 and 1700 POT resulted in
quite coMlete covere.e of ground observations. The D field is abown in Pig.
4.17. A rather flat field In the early amrning gives vey to rapid pressure
falls near noon after vAch a "lee wave field" is manifest. The latter reaches
Its greatest development at a&owt 130 PST and is shown in vertical profile =n
Fig. 4.18.' The rate of eastwxrd drift of the belt of lovest pressure coincides
with the rate of increase In wave length of tUe flom &; s:o= by the changing
roll cloud positions in Fig. 4.1). CCaring the wrind field with that of D, it
ts seen that the air generally ac.elerates toward reeions of low D valAu end
d~celerates toward r.!giona of high D value. A genaral convergence of surface
winds under the leading edge of the roll cloud is evident. In the 0 field,
show In Fig. 4.20, the analysis suggests the prudominance of the diurnal
chmage. With reference to the vertical cross section of 0 in Fig. 4.16, it
is obvious that the observed occurrence of highest values of 0 in the early
afternon and the presumed cooling aloft &wring the day tend toward a decrease
of stability in the lapse rate and, fr the point of viev of observational
techniques, iaose greater difficulty in detecting the structure of the wve
by means of the 0 field. It is possible that the diurnal change of lapse
ra+e through the mechanim of hbating below and cooling aloft is in part re-
saposible for the increase in wave lan4th of the flow.

Case IV, 19 .. rch 1952: a stron& lee wave.

With reference to the other observations of this date discussed In
Chapter 3 (Case 8) and to the ,tynoptic charts shown in Fi4s. -5.45 to 5.48
of Chater 5., the surface observations made on 19 uarch are treated here. In
continuity with the Bishop_ Weather Duream observations for March 17 and 18,
the smry for the 19th and 20th is Fiven below.

The barogrm and thermopm from Hnanar during the period 14-20
March 1952 are shown in Fig. 4.21 and illustrate the diverse weather events of
that week.

While a meteorogram f3liht ms mde on the 19th, t•ere vas no observer
and the co=plications resulting from uncertainties in location of the aircraft
defeated attempts at analysis. Consequently only the surface meesuremnts are
shown here. In Fig. 4.22 the extremely long wave length of the vertical flow
pattern is indicated; the leading edge of the roll cloud continued to move
eastvard until it lay over the vest slope of the ILyo Hountains in the after-
noon. The wind speeds at the surface were rather big and with large veat-rly
components over most of the Valley except the extreme east 3ide vhere there vw

The relatively large prezsure ascci.dant from west to east under the leading
edge of the roll cloud forms the "pressure jtm" (discussed by nx• 195?).
This observation is in agreement with the results obtained by POA 195) ;ho
ccq~uted the relative pressure field &de to lee waves and famd that, at the

ound, the lovmet pressure lay under the trough and the hihst presrure laV
under t.he crest.



Wind
Time D T TD Speed

19 C-430 43 4 S 4

073C - 80 41 14 5

1C30 - 9C 48 9 W 11 + 2ý

1330 -. 10 51 13 rw 12

1630 -150 49 1i NW 12

1930 -180 40 18 W 12

20 0430 25 9 I• 15

u73: +130 30. 1 W 19

U-,30 +Z^ ,, 35 1C MM14

1330 4200 3-3 9 W 17

1.63o +17. 313 3 15

1930 +230 32 S 1 19

an abrupt change to southeasterly or of varyjing direction under the rotor
zone. The 0 field (ria. 4.23) is neeWl parallel to the wind. The MuIMM
values occur near 1300 PST. The higheat values over the matan side of
the Valley occurred at the wind shift line z•dar the leading ed of the
roll cloud. In the D field (FiU. 4.24) the normal diurnal cb e are less
pronounced than are the charg~es In boriumsosigraldient. An Indiatid vest
to east pressucre gradient in U* nmir4 occurs a-inC the usual time of
mnximm pressure. It appears that the priaciNal lw D center ck=V
position &•zng the day; in the late afternoon it is &ia nar Msanar. The
lov pressure center rdobably tilts eastvwd with heigkt ftr a poition at
the surface of varying di.:tance uind of the 1m•in4 e4.e of the roll cloud.
Tme fie1li of D In the vertical ..2Ane is i.ta saed in Cha,,tw 9.

Conclusions.

From the analyses of the data frm the four cases discussed In this
chapter and additional observations trtated in Cb~wter 3, the following
statements are made concer:.tng the roll cloud zone and the surface synoptic
fields associated with lee waves:

1) The roll cloud foras in t~e crests of the lee wave near or
sowbat above the level of the z• ixsuta crest and often extends upward for
several thousand feet. It is associated with a tewerature inversion and a
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large vertical wind shear. It is generally turbulent* in contrast to the
laminar-like flow at higher levels.

2) In the oest case with analyzed streamlines in the roll cloud region
(16 February 1952), the mean altitude of the streaulir.e of -4mum amplitude was
found at approxinately mountain crest level and below the roll cloud base. The
same streamline at its point of highest elevation passed through the center of
the roll cloud. The maxImia vertical speed in the eteedy state streamline pat-
tern wa, found at 15,250 ft altitude, opposite the leadng edge of the roll
cloud.

3) A reversed flow (negative U) is not usually found in the roll cloud;
it is the pocitive vertical shear, dU/da, through the roll cloud that gives a
rotor-like appearance to the relative movements of the particles passing
through the stationary cloud. Revvrse flow frequently occurs in the lower
layers near the ground and belov the base of the roll cloud.

4) Large vertical wind speed&b lead to unrepro-sentative silrgle-theodolite
pilot balloon soundings. Vert.'cal secars in double-theodlltt soundings my
also be xaggerated or xinini:zd because of the change in horizontal wind
speed frm trough to crest.

5) The wave length of the flow may change as much as 30 per cent
uring6 a 12 hour period. In strong Sierra lee waves it is possible that a

resonance effect of the Inyo !,,taiAn range auaw.ts the wae aplitude wvbe
the distanoe between the Sierre. and the Inyo Mountains is a mLltIple of the
Wave length.

6) Tem•poral changes in the surface fields of D, ., and wind velocity
are often large Curing the occurrence of strong lee waves. In the 12 houws
between 0700 and 1900 local time the surface D change at a station my be of
the order of 300 ft, 0 m" change by 20 0K, and the surface wind velocity W-
change by 10 mph in speed and 1800 in direction. In order to stuly synaptic
lee wave fields a time section should be used.

7) In the 3 cases of strong lee waves studied, the largest surface
pressure gradients occurred in the afternoon with low pressure under the rel-
atively warm trough and hig pressure unde the relatively cold crest (roll
cloud). The large pressure aacm--zt is analogous to a stationary hydraulic
pressure jmp.

References.
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*See Chapter 10 f'or a dliscu~sion of turbulence observations in the roll

cloud zone.



5. STYNTIC FlUM

Introduction. one of the tasks of the Hountain Wave Project was t
study the large-scale veather patterns in which lee waves vere observed to
occur. In the course of the investigation a d&ailed synopti' study was node
of the davelpjaent of the particularly strong wave which formed in the lee
of the Sierra on 18 December 1951. While the wave occurred in a pre-frontal
current, interest in the broader aspects concerning the nature of the storm
and the manner In which it crossed the Sierra invited pursuit. Sme results
of that studt are presented here.

The 1951-2 season was one of great storm and record precipitation in
Califor-aia. On 1 December gale wind.- forced the closing of the Golden Gate
Bridge for the first time in its history. On 15 Jauary 1952 the strem-
liner City of San Francisco was stalled for my hours In huge snov drifts
near Donner Pass. Th- storm discussed ber" was eercced between those
two dates; It crossed vestern United States in the period 17-20 Decber
1951. lAl each storm is certainly unique, this one can be regarded " a
"typical" frontal storm of the type that approach the vest coast of the
United States fhr the northeast Pacific.

Data used in the anel-sis included Weather Buraa bourly (Airways)
and 6-hourly surface observations and 12-hourly radiosonde and ravin sowadings
Additional uWper air data were obtained from Castle Air Force Base at Mieced;
the Nval rdnance Test Station, Inyokern; the lodfepole radiosonde station
in Sequoia lational Park; and the Bishop WeatLer Bureau station. Two sail-
plane flights on the l8th (F:ights 2006 and 2oo7) and other observations
and measurements In the lee of the Sierra provided valuable mgplintary
information. ahe analysis is presented herewith in the fbou of surface
and isobaric charts and vertical sections. The period comered is Nappo-
lmatel 4- 8 hours, f the evening of the 17th to the eveln of the 19th.

00 NW. The sea level pressure field is shown on the surface
weather chtfr630 PST on the 17th In Fi. 5.1. The isobars ar drawn
at intervals of two aill1bars. te bNae mp of the vestern section of the
United States is one on which the relief is represented by degree of
shadina according to whether the elevtion exceeds 1,000, 3,000, 5,p000, r
10,000 feet. At the extrim nortwest corn the storm which inspired this
stuidy appears as an occluding frontal ave sWoachizg Vancouvw and %be
Rashingtoa coast. Along the northern Docies lay a stationary Arctic a
continental polar front. The Great Basin Anticyclone centered ownv central
Utah &ominated the southern half of the regimn while a smalAlr bIA pressure
cell was centered over the 3Sa Joaquin Valley.

Weathervise, big pressure falls and ste.a ran wee reported along
the 'Alaa'hgton and northern Oregon coasts. It was partly claudy ove
California and NevaA vith altocimiwlu in the north and cirrosmtratus the
south, and clear over Arizona. A1toc-Aus lenticularis c3oouds re observed
from widely scattered stations in untadLnas terrain--Bishop, Elko,
Pocatelo,, Tucson, and. Albuuerq•s.

18 To he. T 700 and 50C A upper air chxa for 1900 PST on
the 17th,4 hours after the time of the prtced*di surface chart, are saoun
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in Figs. 5.2 and 5.3. Contours of the isobaric surfaces are drawn at lo0 ft
intervals. Wind directions were plottec by protractor to the nearest 10 de-
grees as given in the coded reports. No isotherms were drawn. At both 700
and 500 mb a portion of the Polar Front appears as a warn front east of the
northern Rockies where the isobaric surface intersected the -old dome in the
northeast quadrant of the chart. Over the Sierra was an anticyclonic flow
of warm air with temperatures near OC at 700 mb and -14°C at 500 mb.

18 1230 GCT. By 0430 PST (Fig. 5.4) the occluded front lay along the
Washington and Oregon coasts with steady rain extending into northern Califor-
nia. The Great Basin Anticyclone had dilinished in size and was centered over
the west side of the Colorado Rockies. LIkevize, the high cell in California
was then located niong the western flank of the Sierra. Tae pressure trough
in the lee of the Sierra vas well developed.

18 1500 OCT. The upper air flow at 0700 PST is illuLtrated by the 700
and 500 mb charts in Figs. 5.5 and 5.6. The Polar Front was intersected in
both the northwest and the northeast corners of tue 700 mb ch-rt. That por-
tion associated with the surface o.c!Lsion appear& as a cold front over Wash-
ington and Oregon. The Sierra lee trough is well marked :i the contours at
700 ab as, to a lesser extent, are troughs in the flow over the Wind River
Range in Wcmding and over tale southern Rockies. A discontinuity in the con-
tours representing a rather laxrc pressure gradient across thia Sierra is in-
dicated where the isobaric surface intersects the mountains.*

At 500 ub the Polar Front does not appear on the chart. The lee trough
is less pronounced than at 700 mb but the perturbation of the flow is aug-
mented somewhat by an apparent trough over the San Joaquin Valley. The
evidence of the latter rests almost solely on the data from Merced where it is
suggested not only by tie temperature--ccoler by 60 C than at the same level
over Oakland--and contour height, but also by the wind direction. It is es-
pecially interesting to note that at 2100 GCT (1300 PSM) the 400 mb wind at
Merced was 260 deg, 83 knots while that at Bishop was 300 deg, 67 knots--a 40
deg anticyclonic turning in a distance of 100 miles.

At this point the reader is referred to Fig. 3.14 shoving the 1500 GCT
sounding and wind profile at Merced and to the corresponding discussion of the
other observations of this date (Case 3) in Chapter 3. The high inversion
appearing in the Merced. sounding and that of Lodgepole (Fig. 3.13) was also
found in the soundings at Oakland, Santa Maria, Medford, Boise, Fly, Inyokern,
and Las Vegas and can be considered to be that of a quasi-horizontal warm
front. (See Fig. 1.7 for locations of stations.)

A large-scale cross section of potential temperature in a vertical
plane over the Sierra from Oakland to Lea Vegas is shown in Fig. 5.8. Radio-
sonde data from Oakland, Merced, and Las Vegas at 1500 GCT were used, together
with that from Lodgepole and Flipht 2006 at 1800 oCT (see FiS. 3.11). fr=
the plotted path of the Merced balloon the approximate tilt of the radiosonde
ascent curves was deterained. Because of time differences in the data used

*On this and on subsequent 700 and 850 mb charts contours are dashed where
they are below the surface of the terrain.
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and the fact that the section is not ewtly along the direction of wind ilow,
caution should "•e had in interpreting the isentropic pattern as a literal sub-
stitute for the synoptic streaulineso The principal features, besides the
snail-scale lee wave, Are the high level irversion or varn front which can
be traced in the soundiugs of the three vindward stations; apparent cooling
over the San Joaquin Valley in the upper troposphere, perhas indicative of
ascending motion; and the large-scale warning of air through a deep layer of
the oasphere (6OO to 150 ab) over the western slope of the Siera, probably
due to descending motion.

18 1830 GCT. The surface ch•rt at 1030 POT is shown Ini F9. 5.9. The
front lay through central Washington and Gregos aud into northeatern Califor-
nia vith a deep low pressure center at the southern tip of Vancouver Island.
Steady rair or snow f--ll immediately ahead of the front vial stiovers were
reported behind it. In this phase of its passage, temperatures recorded
behind the front were general.l wwe than those recorded ahead of it. Me
pressure gradient of the lee troligh had intensified. A -1 area of high
pressure appeared on the western slope of the southern (High) Sierra. The
Lodgepole sounding and Flight 2006 can be :onsidered to be synoptic vith
this chart.

Lee wave phenerna. Figs. 3.9 illustrate the cloud forms observed
from the air over the Ove.as ValZly between 0900 and 150 PST. The fmhn
"window"--the larse gap of blue sky visible betveen the cap cloud and the
roll and wave clo'4s--persisted all day. it marked the dndraft are% in
which temperatures were co-siderab•y warmer than at c arable levels else-
where. Mbxitmm tecperatures for the month of December 1951 occurred at
Mom IAke (530F) and Bishop (6007) on the 18th.

Barogramns of the period 17-19 December are shown in Fig. 5.10. The
stations represented are Lodgepole (LP) on the western slope of the Sierra,
Eckert's Cabin (SC) on the eastern slope, atd Musmanar (H) in Ovens Valley.
The greatest pressure falls occurred between 1030 and 1330 PST and are likely
the combned effect of the overall pre-frontal synoptic situation. the
intensification of the lee trough, and the diurnal pressure wave. The largest
horizontal pressure difference across the mountains between Lodgepole and
the Independence Creek stations Vas 9 Eb at 1530 PST. It is probable that
a steeper gradient or discontinLity existed ear the crest.

Vertical structure of the storm. A time section of vertical soumdina
at Oakland for the perid 16 to 20 5PN.em.r 1951 is shown in Fig. 5.11. Ono
sees in It the varm front inversion present on the 18th and its relation to
the upper warm front which passed over the region on the 16th. Above the
de of cold air centered over the station at 0700 PST cn the 1Mh, a warm
tropopause dips dovn to 400 b at -33 0 C in =rked contrast to the hishe
(170 b), colder (-68oC) tropopause found over the station at 1900 PMT on the
17th. Between these times the temporal slope of the tropopause is indicative,
if greatly exaggerated, of the spatial slope of the tropopause an the 18th,
forming a stratospheric warn front over the region.

Both isotherms and isentropes are drawn at 50 intervals on the
section. They show the nature of the barocliaic frontal znes and the rate
and degree of cooling or warming at the different isobaric surfaces. 2e
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winds are plotted according to their appearance on a level surface with north
at the top. The strong westerly flow on the 18th is evident but equally note-
worthy are the two examples of even stronger northerly flow associated with the
western boundaries of the cold d&aes. Such as)ymetry of wind speed is indica-
tive of the diffluent nature of the upper troughs.

19 0030 GCT. Tie surface chart foa 1630 PST on the 18th, near the time
of maximum development of the lee wave, is shown in Fig. 5.12. By then the
northern segment of the front had moved eastward rapidly into Idaho while the
segment in California had moved eastvard much more slowly while assuming a
north-south orientation. The lee trough was strongly developed and can be
clearly traced from extreme northeastern California in the lee of the Warner
Mountains, along the lee of the Sierra and the Tehachapi liountains, in an arc
to its southernmost appendage in tAo Catalina eddy off the coast of thi Los
Angeles Basin. While f~hn taeeratures and low dew points characterized most
of the leeward stations, the relatively snallov depth and cyclonic motion of
the Catalina eddy tended toward a shoreward convergence of cool, moist, mari-
time air and thus to an increase of stratus. In such a situation the stratus
often becomes so thick as to obscure the approaching altocumulus in the *pper
pre-frontal current. Elsewhere, diverse weather was occurring at various sta-
tions In the region. Northweat winds, pressure rises, and showers were ob-
served at that time behind the front in northwestern Califo:.nia. Steady rain
fell at Sacranento and steady snow at Donner Pass. Strong southwest winds and
bloving sand swept across the desert in southeastern California. Lenticular
cloud. were reported at Bishop. Inyohern, las Vegas, and Uinslow.

Precipitttion amounts for two 24 hour periods ending at 1630 PST on the
18th and l9th were plotted and analyzed. All available data were used, includ-
Ing those frcam stations reporting on the teletype circuit and the more numerous
cooperative stations. SLice observations at the latter sites are made at di-
verse times, only those stations recording between the hours of 1500 and 1800
PST were used in these studies. The pattern of precipitation for the 24 hour
period ending approximately 1630 PST on the 18th (the time of the surface my
in Fig. 5.12) is presented in Fig. 5,13,

The region of no precipitation on the chart inclu4des northwestern and
southern Nevada, southern California, the southern San Toaquin Valley, and the
southern Sierra Nevada. Evidently no orographic precipitation occurred on the
western slope of the Sierra in the southwesterly current because of the daming
effect of the mountain wave or, more specifically, because of the downdraft in
the lAyers above the altocumulus deck. Thus there was no opportunity for the
vertical develolment of clouds over the Sierra so long as the mountain wave
persisted. Areas of hea-y precipitation (>1 inch) were the Trinity Alps, the
MT. Lassen area, the Feather River country, and the coast and vest slope of the
Coast Ranges ircm Fort Bragg to tkmterey. It is likely that these maxims were
caused not by ororapby ao but by the ascending motion of the warm, moist
air at the frontal surface as the front stalled and steepened in those areas.

19 0300 OCT. Upper air conditions at 1900 PST on the lth are repre-
sented by the 650 and 700 M"O charts in Figs. 5.14 and 5.15. The front* and the

*on all upper level charts of this study the frontal intersections of iso-
baric curfaces were determined from frontal contour charts prepared from
analyses of soundings of all stations in the map region.
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lee trough are vell marked In the vind and countour fields at both levels. Of
interest is the 70 knot v.nd at Sacramento at 9,000 ft, above the 85W b
frontal surface there; and the relatively week 25 knot vind at JNsrced at theS*00 ib le•'el directly upwind of the High Sierra. tkve the trough forming In
the lee of the Rockies.

12 •o6 GM. At 2230 MST (Fig. 5.17) the le trough vms still pronounced
in the sea level pressure field. The front nauntained Its orth-south orienta-
tion through California vhile Its northern extension moved roqidly southward
to lie neawly vest-east across northern Nevadi and Utah. The center of lowest
pressure was near Salt Laks. Rain wms then rtported at M4erced, Fr i o, and
Santa Barbara.

19 Y,4 OCT. Six hours later, at 0430 PST on the morning of the l9th,
the front had passed Salt :ake City, Tonopeh, Reno, Fresno, and Santa Nkrla
and appeared to converge on the Sier. nutcracker-fashion frt both west and
east (YU. 5.18). The principal low pressw-e center was then ova south
central Nevada. Snov vas faLtina at Nlko and Salt Lake City and st8 rain
in the cyclonic eddy over the Los Aneles Basin. Strong southeet inAds
continued to weep across the desert.

19 120u GCT. The three- diaensional structure of the front at 0700 Pf
on the 1MiIs shown in Flas. 5.19, 5.20, and 5.21. At the 850 ab level the
Sierra and Rocky .untain lee troughs are proanced. The front lay through
two low centers, one over northeastern Colorado and the other over south-
eastern Nevada. A shallow anticyclone apears in the north an a re2%slt of
the high density of the arctic air mass. At 700 ab, 50 knot uldds vwer r-
ported in the cold air at Oakland and Nerced. At 500 ab a single closed lov
center apears over southern Idaho and the cold front lies In an arc over
Salt lake City, Xly,, heno, )bdfo-d, and Thtooah. h strongest winds oc-
curred in two bands, one In the =rtbwesterl7y flo over led Bluff (100 knots)
and the otket in the westerly current over Log Beach (95 knots) and Tucson
(85 knots).

1830 OCT* At 1030 PST an the 19th the front at the surface (Fig.
5.-=) ha Jit passed Bishop, Sandburg, Los Angeles, and San Diego. 2e
northe i sepent of the front hs d moved Into the low pressure center of
southern Nevada and extreme eastern California; the lowest pressures were re-
ported at Bishop and Is Vegas. The difference In teperature betveen the
cold air vest of the front in California and that north of the front in
Nevada was by then rather large; the former -&s relatively mild mrirtie pcar
air from more southerly trajectory over the Pacific while the latter ws
relatively cold transitional polar air of more northerly r:l•gin and longer
continental trajectory. As the cold front folded back on itself about the
southern Sierra, It formed a -mll occlusion along that portion of its length
and, for a brief time, a seclusion of the "va-m" air along the crest; I.e.,
for P. time the High Sierra sapeared as an island in a sea of cold air. It is
interesting to note that coatd air reached Ovens Valley not from a spillover
from the vest but frow the north and east. Specifically, the cold air
reached Bishop f due nortL through Mtgonery Pass in the White Mountains.
As evidence in su~port of this, the times of pressure minims on the baropins
of the Oven Valley stations, lodgepole (LP), Inyorern (:ID), and Toztopsh (in),
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.,,ere, in ciroroloclcLi ord$c:

TPH 0500 PST EC 1150 PST LP 1345 PST

1000 CC 1300 NID 1500

X 1140 SH 1330

Thus the cold air, arriving in greater depth on the eastern side of the Sierra,
reached Onion Valley (SH) at 9,200 feet earlier than the cold air from the wiest
reached Lodgepole at 6,760 ft on the vestern slope.

20 0030 GCW'. By 1630 PST on the afternoon of the 39th the aforemen-
tioned occlusion is shown in Fig. 5.23 at what is perhaps the peak of de-
velopment in its rather slort-livel existence. A triple-point had formed
near Needles and the tri-state intersection with strong winds in the region.
The temperatures recorded in the l1esa:t.ding air imned&ately behind the cold
front from the north were relatively warm and dry but the temporal transition

to cold temperatires was rapid. At 1030 PST, just after frontul. passage, the
temperature at Bishop was 46°F whil.e at 1630 PST it -.ms 360P. Similarly, at
Las Vegas the pre-frontal southwest current at 1030 PST was 560F, the post-
frontal northwester /' current at 1630 PST 410F. Before frornal passage at
independence in the central Owens Valley at about 1120 PST, a maximum temper-

atur- of 71OF was reached in a fohn current. Towering cumuli were observed at
Sanm .1aria, Fresno, Las Va-sa, Tonopah, and Prescott; cumulonimbi were ob-
served at Fresno at 1330 PST. Precipitation was occurring in the "warm" air
over Arizona.

The pattern of 24 hour precipitation amounts for the period ending
about 1630 PST on the 19th is shown in Fig. 5.24. The zero line then follows
the east slope of the southern California mountains, the Tehachapis, and the
Sierra Nevada as far north as Mono lake; it encloses southern California and
southern Nevada. It is possible that some rain or snow fell on aome of the
higher sumvits within that region; at the University of California Laboratory
at 10,150 ft on the crest of the White Mountains only a trace was reported.
Other regions where no precipitation was recorded are extreme northwestern
Nevada and the Sacramento Valley. The heaviest precipitation fell along the
western slopes of the Sierra and the southern California mountains.

20 0300 GCT. The final maps in this study are those of Figs$ 5,25 and
5.26. At %550 mb the triple-point and its low pressure center are most clearly
shown in the contour and velocity fields. Also on that chart the thermal
properties of the air masses are best revealed. The shallowness of the
southernmost cold front is evident from a coaqaricon of 850 and 700 mb
temperatures and dew points. At 850 mb the air was cooler and the temperature-
dew point difference least in the northwest current over southern California;
the lowest dew point in the region was that at Las Vegas in the subsiding cold
air from the Plateau. At 700 mb very cold air was reported north of the front
over Nevada and Utah, while south of the front the vest-east temperature and
moisture differences had been reversed; warmer and extremely dry, presumably
subsiding, air was found over California at that level while cooler, nearly
saturated, presumably rising, air was found over Arizona.

From there the storm moved eastward across New Mexico to form a rather
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intense low pressure !.encer o; er the Oklahoma-Texas Panhandle on the 20th,
having brought general precipitation to all of the states west of the Rocky
l bun.*Ains.

Conclusions. It is apparent that, while the "northwest type"
of cyzlonic storm is the matrix in which the greatest Sierra lee waves
occur, the lee wave phenomena are not the Createst of those resulting from
the influence of the mou;ntain barrier on the pattern of air flow. The effects
of the Sierra Nevada on surface winds, the distribution of precipitation,
and on the course and development of the storm itself extend over a much larger
reGion tlhn that of the lee wave. In the pre-frontal southwesterly current
the dnamir.g effect of the Sierra Wave slows the eastward movement of cold
air, delays arrival of the storm to southern California, and allows the cold
air to reach the trans-Sierra region from the north and east. These effects
lead to a circulation pattern and air mass contrasts which favor cyclogenesis
and the development of a relatively shmallow but intense low pressure center
over southern Nevada with subsequent movement eastward across Arizona and
New Mexico. In many cases dur'rg the spring months it has been observed that
this new low is responsibole for the ievelo~nent of widespread tornado activity
in the southern Great PlLns. The striking resenblance of the precipitation
pattern for the storm to that of the average arnual rainfall for California
buggests tLa"t ULe prlincipal features of that pattern are due to the predom-
inance of such cyclonic stoins.

Synoptic charts of ot:.er lee wave cases.

In the second portion of this chapter are presented surface and upper
air charts of the other 1951-2 lee wave examples discussed in Chapters 3 3-rd
4. For all cases a 500 mb chart and either a surface or 850 mb chart are
shoim. The 500 mb charts were chosen for presentation because they are most
representative of mid-tropospht. :ic flow and the position of the frontal zone
at that level gives zn approximation to the location of the 13olar front Jet
stream at higher levels. For two cases of strong lee waves (16 February and
19 March 1952) 700 and 300 mb charts are also shown.

The time of the upper air charts is 1500 GCT, so chosen to include
data from LodUepole, Bishop, and Inyokern not available at the later 0300
GCT time. Surface charts shown are at 1830 OCT, which time is rather near
the actual flight time and allows the charts to be roughly comared to the
1500 GCT upper air charts. The reader is Invited to u.e his imagination
to depict the inferred changes and develolppents in the sy-noptic fields during
the day.

27 November 1951. (Figs. 5.27 and 5.28) A cold front approached the
Northwest with cloudy skies, light to locally heavy rain in that region, and
gale winds along the WashinGton coast. In the isobar pattern the Plateau
anticyclone was strong and a weak pressure gradient existed about the Sierra.
At 500 mb no frontal zone appeared. A diffluent flow pattern* was above the

•Ihe diffluent trough (Bjerknes, 1954) is one with greater wind speeds in
the air flow upwLnd of tVe tro4i and with lesser wind speeds in the air flow
downwind of the trough where -he current often diverges.
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Sierra but the wind speed evidently iLcrcased throughout the day.

28 November 1951. (Figs. 5.29 and 5.30) At the surface a slight lee
trough existed between a strong Plateau anticyclone and an.other hijh pressure
ceLL over central California. Rather weak, fast moving, frontal waves passed
north of the Sierra with rain con'ined to extreme northern California. At
the 500 mb level the front lay across the Columbia River with southwesterly
flow over the Sierra.

2 u!U 1952. (Figs. 5.31 and 5.32) On the 850 mb chart the
Plateau anticyclone enveloped the Sierra. The flow over the Sierra at 500
ub was relatively weak. A classic example of the e'alyst's problems in
utilizing non-synoptic and inconsistent data is afforded by the contour height
discrepan.ies at Lodgepole, Merced, Inyokern, Santa Maria, and Long Beach.

30 January 1952. (Figs. 5.33 and 5.34) The 850 mb contours show
Alight troghs in the lee of the Sierra and the Rockies. The Plateau anti-
cyclone is strongly developed over Utah while a cold front moved inland from
the northwest bringing rain to San Francisco and Reno. Anticyclooic flow pre-
vailed over the Sierra at 500 mb. Merced heights are low at both isobaric
levels.

_165Febnr L95. (Figs. 5.35, 5.36, 5.37, and 5.38) A cold front,
the frontal trough, and the lee trough are pronounced features of the 850 and
700 mb contour patterns. Also of interest are the troughs in the lee of the
Colorado Rockies and the Wind River Range in Wyomirg. At 500 mb the flow over
the Sierra was westerly wit.4 the fro;, al zone apparently over northern Cali-
fornia and Idaho. The jet stream at 300 a mas north of the Sierra at 1500
GCT, but moved snewhat souti.ard in the westerly current during the course of
the day. It is to be noted that in this case of a strong lee wave the Merced
data fit well the contour pattern.

21 February 1952. (Figs. 5.39 and 5.40) At the surface the front had
"assed the Sierra but a lee low pressure belt remained. The flow at 500 mb
was WIT with relatively cold temperatures over the Sierra at that level but
vi'th no strong frontal zone. Merced data fit the pattern; Inyokern and
Lodgepole data are froa 1300 ar.d 1800 GCT respectively.

3 March 195,2. (Figs. 5.41 and 5.42) A cold front approached the coast
as a trough developed in the lee of the Sierra. The large-scale flow pattern
of troughs and ridges at 500 ab was of rather ahort wave length. Although the
flow was northwesterly at 1500 GCT, the upper wind direction shifted rapidly
to southwesterly by afternoon. In tkib series of fast-moving upper troughs,
lee weves occurred on the 3rd, midnight of the Lth-5thb, ond on the morning vf
the 6th.

18 M'rcni 1952. (Figs. 5.43 and 5.44) By 1830 GCT the cold front lay
through northern California and great lee troughs had formed east of the
Sierra and Rocky Mountains. The Sierra lee trough extendel into the Catalina
eddy.* At 500 mb the low from thf- great March 14-15 storm was over the Plains.

*A shallow cyclonic circulation frequently observed off the southern
California coast and named for Catalina Island.
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There vas strong WSW flow a, er the Sierra with very cold teeratures over
Washington and Oregon, making for a strong frontal zone. The westerly Jet
stream at high levels was over central California.

1 March, 192. (Figs. 5.5, 5.46, 5.47, and 5.48) On the surface
chart the cold front had passed the Sierra region, but a trough remained off
the coast and a strong pressure gradient continued to exist across the Sierra.
At 700 mb the front, dilptm-tad by the lee trough, was passing the Sierra trim
th:! north. Both Sierra and Rocky Mountain lee troughs were pronounced. At
Inyokern, leeward of the southern end of the Sierra, the wind speed was 100
knots at the 700 ab level. Strong surface winds on the MoJave Desert in such
synoptic situations appear to reslt from the local 1 ietlet of air around the
southern end of the High Sierra and over the lower Tehachapi Mountains. At
500 mb there was strong zonal flow of long wave length. The front lay across
the nor thern Sierra, warped by the lee wave of the southern Sierra and form-
ing the f~hnwall and roll cloud inversion. The sonal flow was of great
strength at 300 u, with a contour height (D value) difference between
)Medford and Phoenix of over 2,U00 ft. During the day both the 500 Ab front
and the jet stream passed over the Sierra.

30 March :952. (Figs. 5.49 and 5.50) A diffuse and shallow cold
front had passed the Sierra, but the lee trougth and Catalina eddy remlned
in the WNW flow aloft. The front at 500 Ab lay across northern California
and Nevada.

SGeneral conclusions.

The analyzed charts presented in this chapter show the large-scale
snmoptic fields associated with each lee wave occurrence of 1951-2 treated
in Chapters 3 and 4. Considered as a vtole, the principal results of these
studies are:

1) Strong lee waves are associated with: i) an upper trough along
the Pacific Coast with strong westerly flow across the Sierra (large T and D
gradients perall -l to the Coast); and ii) a cold front or an occluded front
approaching California from Lhe northwest.

2) The soundings and vind profiles, which are the connecting links
between the large-scale synoptic fields and the small-scale lee wave cross
sections, are esaentially pre-frontal in character. The hie" level inversion
that forms the fohn-jall and the roll clouds may .beide •tific as a qcnsi-
horizontal warn front.

3) The wave length of the upper flow pattern affects the intensity
of the lee wave end, in its effect upon the speer- of the trough, it affects
the duration of the lee wave pheno-xia. When the flow is strong and the
wave length rather long, the strongest lee waves occur and pe-rsist for the
longest period. When the rwave length is coq aratively shiort, the lee wave
is usually less intense and is of a more transitory nature. In all cases,
with the pawsage of the principal upper trough, and of the cold air through-
out the greater depth of the troposphere, there is no longe a large rind
speed component across the mountrAxi range and the lee wavy phenomena cease
or become weak.

.......-- .w-- -o
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4) The Polar Front jet stream aenerally crosses Oregon or northerr.
California dur.ng the development of strong Sierra Nevada lee waves but on
rome occsion-, e.g., 13 Duc.ber 1951 and 19 March 1952, ?tronj lee waves
are as..ociated with v -iest.rly jet stream across the Sierra. As will be
dl scussod in Chapter 8, strong lee waves often form rapidly during the pa•.-
sage or development of "jetlets" in the relatively warm air south of the
principal Polar Front jet stream.

5) In scoe cases there is apparently a real upwind (damming) ef-
fect of the Sierra as evidenced by relatively cold temperatures and a
greater southerly component of the wind in the lower troposphere over
Merced in comparison with observations from surrounding stations. In
other case6 cold temperatures and low contour heights at Kierced appear to
be a result of a difference in rudiosonde equipment errors between those
of Castle Air Force Base, Merced, and those of surrounO.ing Wieather Bureau
stations.
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The synoptic veatler situation at 1500 OCT, 1 A&ril 19_5. The first
mus of this series (Jig. 6.1) is that of the surface pressure distribution and
observed weather at 0730 PST (1530 OCT) on the morning of 1 April. Data
p'otted are those of the three-ho'trly oboervations giving sea lve.l pressure,
ttwerature, dev point, pressure tendency, clouds, and weather. A cold
front--yell marked, especially in the wind, pressure, and pressure tendency
fields--lAy through eastern Washington, Oregn. and norzhwestern California.
The Oreat Basin Anticyclone was centered in western Colorado. Blowing sand
an tne Texas Plains continued in the wake of the previous northwest stoai of
29 March. Ahead of the front were observed altocumalus cloude, farther out
cirrus, and at bishop and Renm, in the lee of the Sierra, altocunulus len-
ticularis. Clear skies were over the Southwest while steady rain or shovers
were observed behind the front. A slight lee trough between two anticycloues
is evident in the pressure field about the Sierra; in the southern part it is
possibly mostly an insolation effect but in the northern part it is the effect
of the mountain lee wave in the southwesterly upper current.

Cloud develonnts. In Figs. 6.2a and b are shoen two views from
Dishop at thetime of the 0730 PST surface map. In the north-northvest,
zirrus bands, their leading edges in the lee of the Sierra, trailed beyond
the horizon along the direction of the wind. Significantly, these forus
were rere-ted at the same time over Fallon, Battle Mountiin, and Ilko,
Nevada. The second photograph, looking west-southwest, is of the first-appear-
ing lenticular cloud forms and roll cloud fraeente, The forxnm was above
and somewhat upvind of the latter but of the sawe first wave crest In the lee-
ward flow.

Isobaric charts. Upper air conditions at the time are shown In the
isobaric charts fr 500 and 300 ub (Figs. 6.3 and 6.4). At the 500 ab level
the cold front was located on plotted soundings and frontal contour charts.
tvident is the greater number of observations coared with that of the
1951-2 charts. Winds were plotted by a teolate-cmass to the "O-dogree
accuracy of the coded reports. From the location of the reporting stations
with respect to the Sierra Nevada and the direction of the upper flov, two
croes sections were suggested, one parallel to the Sierra from Medford
through Tonopah to Pboenix, and the other perpendicular to the range from
Fresno through Bishop and Tonopah to Lander. From Re•o to Phoenix the winds
at the 5n0 ab level decrease from 40 to 15 knots; the temerature difference
is 4*60C. From Fresno to Lander the winds decrease from 45 to 25 knots; the
tegrature and height differences are small. At 700 ab (not shown) the
Sierra lee trough was quiLt avidert in the rault'ant awaysis of O*lAnd,
Reno, Fresno, Tonopah, and Las Vegas data.

At the 300 mb level (Fig. 6.4) the jet stream lay between Portland
and Msdford. As in the 500 ab chart it ir seen that the Medford-Phoenix
cross section is nearly perpendicular to the upper flow. Also, in the
Fresno-Lander section, the wind speed varies from 50 to 35 knots and the
temerature and height differences are small. Note the 40 knot winds at

SBee Fig. 1.7 for locations of stations mentioned in this chapter. 'I
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Fitt.l. 2a. 0?30 PST. I Apr&I IQSS. ' fro, Bishop Airport. Cirrus
hoods.

Figo. 6. 2b V- ) PIT. 1 Vpr-i 1Q5. WI from Bishop Airport. Roll
'loud frapents and lenticular-form altocumulus.



139

Beatty and Caliente in qpite of rather small isobaric slope in that region.
North and south of there--at Fresno, Tonopeh, and Ely, and 2emards and
la Vegas, respectively--the winds are all consistent.

Vertical cross sections. In Fig. 6.5 the potential tmerature field
in the Mdford-Phoenix cross section at 1500 OCT is shown. The 9 field
is drawn at 5°K intervals from sounding data. In the Lorizontal scale, the
distance from bbdford to Phoenix is about 8W0 miles. The terrain profile
is shown in the vertical scale which Is eye sated by about 50:1 over the
horizontal scale. At the bottm are plotted the surface observations from
stations along the section. The front, tropopmae, taqierat•ue gadients,
stability and barotropic and baroclinic regions can be easily discened
and need no further cment.

A contemporary D analysis of the sam. cross section is shown in
Fig. 6.6. The values of D a Z-Z. were drawn at 100 ft intervyas from
sounding data and from intersection of the analyzed contours at all standard
isobaric levels up to 100 ,b. Since the winds were nearly perpendicular to
this section, the spacing of the D lines can be considered to be Inversely
related to the strength of the total geostrophic wind.. The strongest winds

are evidently at 200 mb over Reno.

Stilar analyses of the 9 and D tields in the other, along-the-wind,
cross section at 1500 OCT are shown in Figs. 6.7 and 6.8 respectively. The
terrain profile is seen to be of high relief as the section crosses, be-
sides the Sierra, several other high mountain ranges. In the surface
observations along the section can be sen the observed wind, pressure,
temperature, and clouds. East of the Sierra at Bishop are falling pressure
and a few roll and wave clouds (Fig. 6 .2a); the alight perturbation in the
o field over Ovens Valley is drawn on this information. The tropopeuse,
inversion, stable and less stable layers can be seen in the analysis.

The D field (Fi. 6.8) confirms the assertion that the section lay
nerly along the upper contours at that time. All values were poaitive
except at 100 mb over ilU Field (MIY) and Lander (LUD); over Iander there
was a cooler staatosphere and, consequently, a cmponent of the gsostrophic
wind out from the section there. All of the soundings appear to cross the
Standard Atmosphere between 300 and 350 mb from warmer below to cooler
above.

Note: Since radiosonde data were available from the A.E.C. stations
and most of the Weather Bureau and military stations surrounding the Sierra
at 2100 CTk, the xsooari• cuarts and cross secUo, far that time were also
analyzed and used in the study. Hovever, they are not essential to the
discussion and so have been deleted.

Plight observations. By 1400 PST (2200 GcT) the skyscape from
Bishop appeared as in Fis. 6.9a and b. Roll clouds and h1gh wave clouds
were well developed north of the station and were beginming to develop
rapidly to the south. By that time the B-29 had been flying across the
Sierra for 4 hours and the 3-47 was gaining altitude above Fresno. The
horizontal paths of the two aircraft crossed the Sierra near Big Pine. The
B-29 flew at 30, 25, and 20,000 ft and the B-4 7 at 30, 35, and 40,000 ft.
A mile north of these paths the sailplane made its flight in the period
1420 to 1700 PST.
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From the sailplane in flight the clouds appeared as in Fig. 6.10.
Toward N14W from 30,500 ft (Figs. 6.10a and b ) wave,*clouda in at least three
levels and at least two bands could be seen. 7he fohnuall appeared over
the ;ierra to the west, a cirrus band in the north. In a 2ar.orara from vest
to s)uth at 38,000 ft, one could see the altocumulus deck over the San Joaquin
Valley becoming the cumulus fbhnwall cver the Sierra; the break in the
cumuluz over the Kings River Canyon, and the incipient development of the
frihniall over the Sierra crest to the south. Noting that the sailplane is
apparently over the crest of the Sierra at that altitude ahile still ascend-
ing, evidence is had of the 'ipwind tilt of the lee wave -pdraft zone with
altitude. Finally, the view south over the Owens Valley as seen from 30,000
tt is shown in Fig. 6.11. The path of the sailplane with respect to the
wave clouds was a rise to 40,000 ft Just upvir.d of them, a downwind run over
and through the highest lenticular, a descent in the ensuing downdraft, and
a return flig~it upwind over the 'Mite Mountains (Fig. C.12a) and through
the second-wave roll cloud zone to Bishop (Fig. 6.12b). A Zentle rocking
motion fore and aft was experienced by the sailplane at 40,000 ft while
headed into the wind, and rather severe turbulence was encountered in the
second roll cloud zone at 16,000 ft.

The roll cloud zone. Data from the B-29 upvrind run at 20,000 ft are
presented in Figs. 6.13, 6.14, a-.d 6.15. It was attempted to maintain con-
stant pressure altitude b:" altitude-controlleJ auto-pilot and constant power
setting. The indicated air speed in the "undisturbed" air at the beginning of
the run vas 195 mph. As seen in Fig. 6.13 the indicated air speed varied by a
total of approximately v) mph; the 1oiest value of 145 :jph ims very close to
the stalling speed of the aircraft and occurred iii the dovndrai't area Lehind
the roll cloud-.

In Fig. 6.14 are shown the actual wind velocities measured* by the
B-29. It ca.a be seen that the wind velocity at the level of the top of the
roll cloud varied by 50 knots ai.d by 45 degrees. The wind was cyclonic and
at minimum speed in the troughs of the vertical flow pattern, and at.i-
cyclonic and at maximum speed In the crests-- imediately above the roll
clouds-- of the vertical perturbation. The approximate vertical displacement
of a streamline (Fig. 6.15) at this level was derived from measured tempcr-
atures, upwind soundings (Fig. 15.16), and the assumption of adiabatic flow.
It is noteworLhy that the first wave, with a maximnm total displacement of
about 7,000 ft, is predominant.

These data show quite clearly that the principal hiazards of mountain
waves to aircraft are the strong downdraft immediately in the lee coupled
with the dangers of turbulence, of reaching stalling speed, and of icing in
the roll cloud or cap cloud.

The stratospheric nountain wave. In Fig. 6.16 are shown the 1500 and
2300 GCT soundings at Fresno and the temperatures measured by the B-47 in the
.ipper levels over Fresno while the aircraft was ascending Lo and descending
"rom 40,000 ft. Between 1648 and 1736 PST the B-47 made a downwind run and
an upwind run at 4),000 ft. The temperatures encountered enroute and the

*The technique of measurement, which is consider3d to be quite accurate,
is based upon a new application of the Doppler princille for radar.

L ... 7
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Fig. . o - I35 P, r I April 1455. %orthwest from Ekshop Airport. RII clouds and Lestic-
ular mwee clouds. P-R sailplane ready for flight.

Fig. h.yb - 1390 PST, 1 April 1Q55. 'uth from Flshop Airport. Ieveloptng roll clouds.
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Fi8. 6.10a - 1515 PST, I April ISS. N4orth from 32,000 it. Lamticutei
clod forms of the firat gsve crest (left) and the sseed wave crest

(cmater). the lotier uposed of 6i- •ite %usmtaims.

Ii err ap e r t l w r r g t

I

I

I. I.
S I

I

I. ~Fig. A. lOb - 1550 PST. 1 April 1Q55. •4 from 31.000 ft. The f~bmell

with altocumaiwa becomag rlulamma uear the Sxer~a erect. Faat sleqnu of 1
Sierra m~ppearu st loosr right.
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F,6. IO - ISS2 PSM. I April 19S%. 99 from . 000 ft. IDolqpiag

f~iw~ll with break in cuihlva cloud* ever the Kgsaq River Cmym.
Altocumelus (fight) ad hose over the Sea Joeqaim Valley.

Fig. 6. lOd - 15S2 PST. I April IS. South from 36,000 ft. Develop-
tog cumulus f8kavall over the smothern High Sierra.
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li 'q~b,-lip

Fig. 6-11. ýiew southward over Ovens %&Ile% fro 30 nW ft on I April 1q55 Cloud dects at
5 different levels are shown. 7he roll clouds are at about 15n00 ft while the bIihest wave
cload is near 3Q.000 ft. Qk the right the fShnwall is developing over the Sierra. This photo-
graph, taken by Hydrographer Tom Henderson. is printed b, courtesy of the Califorsia Flectric
Poser Compuiy.
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Fi. 6.12- lI3T PST, I Arii 19SS. North free 21,aOO ft. Cloud
decks of the "eead wave creet over the Whit* Mm~outias.

Fig. 6. 12b - 1715 PST, I Iril 19S5. rn o le hep Airpeot Pihk
leaticuler deck mad roll c oude of the first m.we crest.
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resulting cesputed displacmnent of a streailzne are shno in Fig. 6.17. A
startling as the measurments of the 3-29 at 20,000 ft is the 150 C teper-
sture difference measured by the 3-47 within the distance of 12 siles at
40,000 ft. The close agreement of the results frt the tuo runs sugests
that this perturbation is a stationary phanoamon rst2M than a traveling
one. Contrails observed in the ares of the vave crest are absent in the
trough. Notevorthy are the striking "airror Itage" of the flow pattern
in the stratosphere to that of the underlying terraili profile, and the
fact that only one great descent and rise of the air Lb Indicated, all other
lee waves appexantly daped out at that level. If this be a lee rave at
40,000 ft, the wave length is .muny times that of the flow pattern at 20,000
ft.

Other cbarts--from the 25,000, 30,000, and 35,000 ft runs--not shown
here, gave results which were transitional betveen the pattern of flow at
20,000 ft and 40,000 ft. That at 25,000 ft was siallar to the roll cloud
region with the lee wave pattern of crests and troughs evident but with less
sltude and less change of borizontel wind velocity (40 knots, 30 def.)
at that level. At 35,000 ft the pattern was that of lee waves, but since
the tvo pairs of runs of the B-47 were more than 2 hours apart, the dis-
crepancies between the two sets of data--first a cooling in tim followed
by a varu..g in time at the same level-- an& the apawwently chaotic tqmp-
ature pattern of the second r'in, at first unsolvable, were at last resolved
into a satisfactory explanation: 1iuring the course of the flights the
tropopeuse "descended" through the 35:000 ft linel. Data on successive
runs at the other levels and thu soundings (Fig. 6.16 ) verified this develop-
met; the stratosphere was var.4ng, the troposphere cooling. Taerature
and height changes over the region were indeed big during the course of
the flights, especially In the period 2100-0300 OCT. It vss impossible
to integrate all of these airborne observations into a s)roptic picture
usine the absolute values of these data. Hvever, what could be derived was
the pattern and mlitude of the isotherms and isentropes at each level and
these were amenable to integration ans guides in the construction of the
trans-Sierra cross section at 02 0300 OCT (01 1900 PST).

In Fig. 6.18 a composite picture of the air flow over the Sierra Is
shown by the teprature pattern determined from the D-47 runs at 40,000
ft, two of the B-47 rms at 35,000 ft, and the B-29 run at 20,000 At. It
appears that there Is a Woncxnced rrind tilt vlth height of the lee aves
as the Indicated position of troughs and crests at 20,C00 ft are reversed
at 35,000 ft.

The synoptic situation at 0300 GCT. 2 April 1.955.

A series of 4 isobaric charts, the 700, 500, 300, and 200 ab surface$
(Figs. 6.19 to 6.22) represent the upper air flow pattern at different levels
at 1900 PST on 1 April near the time of inxilmu lee wave develagment. At
70oo b (Fi. 6.19) the front is vell-warked in the tperawtue, wind, and
pressure fields. The low pressure center is over Burns. Oregon. Lee
troughh of the Sierra ane the Rockies are pronounced, Contour heights not
drawn for on this chart are iMrcury (observations at 0200 OCT), Rapid City,,
and L=g Beach (both iuprobable).

On the 500 mb chart (Fi. 6.20) the coldest air ant lovest pressure
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are over Medford) the varmest air and highest pressure over Tucson. In
com•arison with the previous 12 hourly chart the Reno-,hoenix temperature
difference is now quite larbe. Also, a reversal from the previous time are
the wind 3peed and temperature increase from Fresno to Lanter. A 50 C cool-
ing in 12 hours occurred over Fresno while the air over Lander varmed 0.3 0C;
this relative cooling and warming along that section is reflected in the
contours and consequenty in the wind flow which has become more south-
westerly. Note the relatively light wind at Fresno and the secondary, non-
frontal, band of vind speeds over 50 knots. Data not draun for are the
heights at Long Beach, San Diego, Rapid City, Tucson, and Mercury (the last
obtained at 0200 GCT).

At 300 mb (Fig. 6.21) the weak wind at Fresno in contrast to the
much stronger wind. to the north and south is striking. The polar front Jet
stream had moved in 12 hours from over Portland to over Reno. The strongest
observed wind speed, 80 knots at Beatty, Is apparently super-ceostrophic.

A double Jet stream is most clearly evident at the 200 mb level (Fig.
6.22). Contour heiahts on either side of the mountains are consistent, but
again the Beatty wind of 90 knots is super-geostrophic. Of equal interest
on this chart is the verification of the stratospheric temperature pattern
Leasured by the B-47; the 200 mb temperature at Fresno is -48 0 C while that
at Tonopah is -GQ°C. It is quite possible that the maximan difference wan
even gpreater along some distance between the two stations where the trough
and crest of the tropopause probably lay.

Cross sections of G and D between Medford (tR) and Phoenix (PHX) for
this time are shown in Figs. 6.23 and 6.24. Locations of the front and the
tropopause on these sections were derived from carffully constructed frontal
and tropopause contour charts. The front and associated inversions and
baroclinic zones are well defined in the vertical. 3urface observations
also demonstrate the contrastina post- and pre-frontal phenomiena, at Reno
(RAA), near 4,000 ft, the temperature is 38°7 while at Tonorah (TPH), near
6,000 ft, the temperature is 540F.

In the D field (Fig. 6.24) the cooling in time is reflected in the
southward movement of the D - 0 line. The height difference between Medford
and Phoenix has increased by 400 ft in 12 hours as a result of greater cool-
ing in the north than in the south. The greatest aD/at was at 300 mb over
Reno (-740 ft per 12 hours). The maximum gradient along the section (aD/ay')
was then between Reno and Tonopah. From the 2100 GCT data referred to
earlier but not shown, it was found that (aD/at) was not linear for the 12
hour period betveen 1500 and 0300 GCT, For the first 6-hour period the max-
in= rate in t~e cross section was -50 ft per hr over Medford at 300 mb while
in the second 6-bour period the maximam rate was over -100 ft per hr at 300
ab over Reno.

For the analysis of the 0 field in the trans Sierra cross section
(Fig. 6.25), the airborne data were used as guides ia the section between
Fresno (FAT) and ronopah (TPH). As a firbit approximation, the isentropes can
be considered as representative of the actual streamlines of the flow in tils
plane. Note the front, the displacement of the tropopause, surface observa-
tions, and the locations of inversions and near-adiabatic layers. The pre-
dominance of a single updraft in the upper levels suggests, along with the
physics of ice crystal formation, the explanation for the high cirrus bands



157

U

. ., ',-,- \/',' - - • f , _ • .

, 3• < \ ~ •, p.i/1

•, k i~ ' ,+.• ,k 1 \ ,,- , ,;' ",fl ./

4- I-

--.. ,. . .- \_ " \
'•. . •' - ".- " .\; 

r. - 1

- ., .4.. . . . . ,- <• - , .-.

144' ,-'N .. 'f- l i. 
S¢i \ \* ':1

,. ''• " , - • ' " . *, r•
Ale

"" - 3 %.l-- Ii

K': :p. -- .... ..- ,<, , .- ,

S" "' \ '• •' ( ' .•

SSI

, •, ~X. \. ,,. ", ,.



a. I

-, a,
. 3. /7

• i o

a o 1|

Ja

.. , aa' .. II

\' . I

NN

$ I

x, I.

I- a. II~ V



81%,

we BAA?~go.

4

Ba ? EA

AbL. Slit

TOM-. -f -m Pool-



1.60

I'Alt~~~ ~ SO -FL,.0Ll
7Z! ONa ....

hi ----- -. - -

.110

0011 a ** WIS *

2 APRIL 1955 0300 OCT I)

Fig. 6.25

-.. --. -----

--------- - - -. - -- ----

-- -. . ----- - - o -

- ~.+1I0

Fl . 6.26-



361

(Jai. 6.2a) often observed to form in the lee of the Sierrs ad to trail,
sometimes for hundreds of miles, dvowvind. Forming in the initial updraft
at temeratures near -50OC, they suffer no attrition from slight Adiabatic
harming and cont.nue to grv slowly while moving downstream. Because of
their relatively Slow pfovth and subsequent slow evaixratiou or fall-aut,
and the high speed of the current necessary for the for=ation of a high lee
wave, they can extend for many miles downstrem while their leading edUs
rwman, like lover lenticular form,, stationary for noy hours in the lee
of the Sierra. The lateral s#paration of these bands is still unexplained.

The contemporary D analysis (ris. 6.26) shows a belt of maxims
values betveen 4W and 300 Mb with lowest values over FAesno at each level
from 700 to 250 ab. The ninimm Is located at 250 =b above which the soud-
ing becomes varmer than Standard A•aophere In the great 4owndraft vind
of the Sierra. The lee trougb in the lowrer levels is shout by d.scontinu-
ities of the D lines at the mountaims. nternediat-, 50-ft Intervals are
Indicated by dashed lines. The varm stratosphere over the Great Valley
makes the flow there more ne-lay iresterly and,, conseqtently, with a ogom•mt
out Cm the plane of the cross c%-tion. The maxima (aD/at], for the pro-
ceding 12 hour period was -300 ft per 12 hr. at 250 ab over Fresno but
again the rate was not lLear. Fir 15W00 to 2100 OCT the ailimm (aWAt)
us at 300 zb over Tononah, vhile from 2100 to 0300 OCT the maxism chana

was -490 ft at 300 ab over Fresno.

Post-vuve. The synopt~c s_.tuation at Q730 PST (1530 OCT) on the
morning 0f iAprl 1s s: 0 i= iG. 6.27. The front lay through low centers
in northern Utah and norther. Arizona. Warm, cold, azd modified maritiam
polar air msses lay adjacent to each other at various portions of the
frontal boundary. Surface irinds vere strongest about the front. Precipita-
tion in the form of snov fell about the northern sector of the front while
blowing sand was e3perienced alonz its southern extonsion. Stratum clouds
were observed at mny stations behind the front while altooimubas form
were reported at several stations ahead of It. 'ifte cloud wae observed
at Prescott, loewell, and Alaesa and cirrus bands at Grant Junction and
Casper. Pressure rises ware general behind the front and rises ahead.
The Catalina eddy persisted due to the strong northvest flow aloft over
the vest-east oriented southern Caifrnia mountains. Or, the Srevious
evening destructive winds of over 50 knots, with custs to 80 knots, had
swept across the San Josquin Valley and caused a severe dust storm at
Bakersfield between 1830 and 2000 PST. Gale winds hit the San Fernando
Valley and 55 knot winds vith blowing sand closed roads over the desert.

Unpar air observations for this period are shown in the 850, 700,
1.0, and 200 ab charts In Figs. 0.27 to 6.31. At 850 ab there Is a
double cold front structure over sauthern California, the polar air from
the Pacific being warmer and moister than that from &e north. in both the
cold and varm air mases the tucerature field is nearly unifor. A lee-
low near Sheridan Influences the Landr vwnd. The shallowness of the
Catalina ed4y is evident from its apparent non-existence at this level.

At 700 ab (Fig. 6.29) the front i ell marked in taerature,
contours, and wind velocities. There is same evidence of a second
transition zone--perhaps the top of the shallow secon4ary front--and
this has bcen shown by a dashed line. The strongest -Ands at this level were
those ahead of the front. A trough in the lee of the Rockie was well formd.
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Noteworthy is the usefulness of interpolAted data from the Vliite )buntain
stations near Bishop.

Winds in excess of 100 knots were measured at Oakland, Fresno, and
Edvards Air Force Base in northwesterly flow at the 400 mb level (Fig.
6.30). The diffluent nature of the trough is best seen at this level. Ul-
timately, this is a result of the asymmetry of the cold dome; the urm
front at Its western boundary has a greater tweirature gradient than that of
the cold front at Its eastern boundary. The low center tilts westward with
height.

Strong winds occurred also at the 200 Ab level (Fig. 6.31) where
150 knot speeds were reported over Oakland and San Diego. The warmest ten-
perature at this level (-4a5.6 0 C) was over Tonopah; the coldest tegratures
(<-6•O)C) were over Rapid City, Denver,, 3ismarck, Lander, and Santa Maria.

The Fresno-Lander cross sections of 9 and D are shown iz Fits. 6.32
and 6.33. In the 0 field the tropopause is seen to be lovest over Tonopah
and Ely. The wcru and cold fronts are indicated but It Is obvious that all
the baroclinity is not concentrated In the frontal zones. bte that the
horizontal gradlent is greatest in the warm air to the vest of the cold
dome and that the air is most stable in the varm air to the vest. Surface
observations of winds, clouds, precipitation, and pressure tendency are of
interest for co erison and correlation with the upper air structure.

In the D field one sees a pattern in marked contrast to that of the last
12-hourly section. The minimum D value is at 300 ab In the cold air between
Tonopah and 1l. The asy~etry of the cold -me and the difflueat struc-
ture--particularly at 500 and 400 b--are evident. The maxima 12 hourly
(aD/at)p was -970 ft at 3. ub over Ely.

As a final observational note to this study, a stationary wave
cloud observed in the jet-like northwest flow over Bishop at 1200 PST
(2000 aCT) on 2 April is shovn in Fia. 6.34. It PPeared that the cloud
formed in a lee wave induced by the Sierra in the Mono Lske area north of
Bishop.

Other observations of the 1955 field sason.

Airborne data from 10 and 13 April were limited by the failure of the
vind measuring equimc.nt and the fact that upwind soualixas were nearly
adiabatic through great depths making difficult the analysis of wave length
and amplitude from small teperature differences. The only resulting flight
sections from these dates are shorn and discussed below. In addition, the
upwind soundings and cloud phenomena for 3 other dates of strong wave occur-
rence are illustrated. There data were chosen to represent specific types of
stron& lee waves which are further discussed in later chapters. The limited
observations from these 5 days are treated briefly belov in chronological
order. No synoptic charts for these dates are shown.

29Marc . An aerial photograph Illustratin. the rather unusual
pher.,nena o, this date is reproduced in Fig. 6•.35. Both project sailplanes
attained 40, 000 ft altitude in the updraft zone which lay exceptionally
far east of the Sierra crest. The wave length was approximately 20 miles

*1
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Fi.~35 - 140S P. 20 ftc 11055. SKfrm a.$* ft. %ve Claud ed cims bond. Now.
am.fraw gree fire (lower) ed dast fromOe s 'aLake (heriame) describing serface wind
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(32 ksa).* The 1500 OCT sounding and U-profile at ftewio are shw In F`1.
6.36. Im inversion &ijp,.Arz nuar movtntain crest level but the dew po!Mt.,
are low which probably accounts for the absence of lover wave or roll
clouds. A aximm wind speed of 107 knots occurs Just below a sharply
marked tropopause.

_ .. oaril 1955. On this date a cold front lad passed Bishop and the
winds over the mountain crest were northwesterly while those at hiber levels
were from the west-southvest. Both sailplses soared In the strong wave
with the Pratt-Read reaching 31,000 ft and the 2-25 reerhing 40,000 ft. The
33-47 flew over the Sierra at the 25,000 and 30,000 ft levels; data frcm
the 25,000 ft runs are shown in Fig. 6.37. No lee waves we observed but a
single crest is found over the center of the Ovens Valley. go roll or wave
clouds vere visible at the time of the fligbt. Tb teuatures indicate
a general descent over the western Sierra slope but with the lmost tmper-
ature above the Inyo MIuntains Just downwind of the single hup over the
Valley• The axlmm altitude variation of a streamline is about 3,000 ft.
Data from both runs swgest lee waves uprind of Fresno, perhops Indi ed by
the Coast Ranses.

13 A&Eil 1955. L;pdirfts in a developing moderate lee wave we
explored by the Pratt-Read s.ilpuane to 36,300 ft, while the 5-29 traversed
the Sierra and Ovens Valley at 25,000 ft and tLe B-47 flew across at 300
35, and 40,000 ft. Toiperature msurements from the 40j,000 fts east to
vest, run of the B-47 are shorn in Fig. 6.38. This lee wave occurred in the
"warm" air south of a frontal zone and the tropopase was above hO1,000 ft.
In conutrut to the 40,000 ft s8ratospreric pattern found on 1 laril (Fig.
6.17), true lee wvas appear in the displacemit curve. hese vaves in
the upper troposphere are of relatively us" amplitude =.d of insafticient
vertical speed to supporl a sailplane. The flow vVw1nd of the Sierra sp-
pears disturbed but without the general descent over the vest slope as
observed on 1 or 10 April.

1 A •il 1 -. This case represents the awe nearly "normal" type
of stron wave as IilIustrated by the cloud phenamens in Fig. 6.39. Dr.
Kuettner reached an altitude of 13,000 ft in the 2-25 sallplane while Miss
Betsy Woodward soared to 40,000 ft in the ?-I sailplane. In Fig. 6.40 are
shown a coapsite 2100 OCT sounding from Oakland and Santa Darla together
with the U-profile fron the 2100 OCT Merced rawin. The lee wave devloped
to greater intensity as the wind speed increased from that of the previous
day.

5 Apil M . The cloud phenomena of this date (Fg. 6.41) 11-
lustrate a rather uncammo and dangerous t*pe of strong lne vave*. ?-- l"d-
mg edge of the roll cloud deck, instead, of following the jog of the Sierra
crest near Biahop, continued in an unbraken line nthward over Bishop.
To the vest the f6hntll tovered to 20,000 ft and swept far down the
eastern Sierra slope. The massive roll cloud ezU-nded eastward over the
White and Inyo ?Autains with an indistinct trailing edge and with no
visible pp in the clouds in that direction. FOr this ressan it was necessary
for the two sailp.wes, vhich had both reached 360,000 ft, to descend in the
pp of clear sky betv-.en the f~mwall and the ol cloud. Bear 114,000 ft
they encountered ext.•-emly severe t•rbulence in vbich the P-B broke apert.
Te pilot, ?L-"ry Ed "i, was saved by his par3chute. Accoumts of these
flights and a discu.si•n of the t irbulence are given in Cbapter 10. Te
1500 OCT Merced soundina and viad profile are saam in Fig. 6.42. An

'ftle most ot.tst.nd.% i" at-.rc of tLU- lee wave was the eslete lack of a
rotor zone %ad its aL.oc.•.•C t•rbulen.:e. The imnoth lee vwve misted as low
as 4.,000 ft over the pund acnd z•ncreased In "ntensity to 30,000 ft.
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fig. 6.41 0Q45 M- 2S April 19SS. S from hehop Airport. fibmuell = ha. of "as
rotor cloud.
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inversion appear.; at -.x mo with moist air to 400 Mb. Later in the day %he
high-level inversion became greater and wind speeds o.' over 130 knots were
measured in the upper troposphere at Oakland and Merct d.

Results.

T.,e Aou:,tain %xve-Jet Struam Proj'ect of 1955 pro- ides the most com-
plet.: upper air synoptic data for the studv of the air Ilow over the Sierra
Nevada, and the first flight measurements of the mountain wave at constant
levels including the flow both upwind and dovnvind of the range. Rather
complete results for one selected case study and limited results from 5
other 3ptcific caser are cited in this chapter. Observations from these
dates provide exampl .s for tie topics of the remaining 6 chapters of this
report.
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• L4SSFICZIC, ; OF -FL• TYPES

Introduction.

Thii chapter describtes the pri.czpal types of vaves observed in the
lee of the High Sierra and discusses some of the zore important variations of
these. A more objective approach based on the upwind souniir.-•s and wind
profiles is presented in Chapter 12, ,tbere it follovs the relevant theory.
Some examples are given there :omparinZ observed wave lengths with T-hose
computed from upwind flow characteristics.

Lee wave ttes.

From a descr;.ptive point of view, the .ee waves observed over the
Owens Valley may be divided into 3 types tased on their wave length and the
intensity of their vertical wind speeds. There is, in fact, a whole spectrum
of wave forms observed but, in ;he interect of simpllcity, Table 7.1 provides
a convenient groupn::g. The -elues given are for ord.r of magnitude only and
vary considerably from one case to another. Further characteristics and ex-
a.ples of each of the 3 types, and subdciv-sion of the -trong wave type to
include certain rather rare but extremely in-erest_-g cases, follow below.

Table 7.1

Wave type L C max

Strong 8 - 2C miles (13 - 32 k.-) 4, oz - 8,00C +t ±30 to 160 ft s-1

Moderate 5 - 8 (5 - 13 ) 2,O0C - 4,000 15 to ±30

Weak 2.5- 5 (4 ) 50C- 2,000" t5 to ±15

Note: L a wave length., 2 max • maxi=- altitude variation of a stream-
line, and v a vertical wind speed.

Strong waves. The near- ...egendary reputation of 6he Sierra Wave derives
from the spectacular phenoaena associated vith %he lee waves of strong inten-
sity. All of the dozen or so sailplane flights to altitudes over 40,O00 ft*
have been made In iaver of th.s type. From these flights we can conclude that
there are vertical updrafts of seteral meters per second at these altitudes;
whether vertical speeds of týis order can be found at altitudes up to 50,000
or even 60,300 ft is not known at Vresent.

*The maximu- altit_-e attainable by a sailplane is that at which the ver-
tical speed of the air is equal and opposite to the sinking speed of the saiZ.-
plane. The latter is a function of the zailplane design, the air-density, and
the forvar.1 speed ,f t.e sa lplane whuzh in turn is made equal and opposite to
the horizontal wind s-zed i' hover.ng fli,!t. In several of the flights over
40,000 ft, Ligher altitude could nave been achieved but was not atteseted be-
cause it approached the critical limit of non-pressurized sailplanes or be-
cause of the adverse ef.'ect- on bcth salllane and _-rew of prolonged exposure
to extreme cold. The ..pdr,-ts requxired to .:eep the Pratt-Read sailplane above
4O,OOO ft exceed 7 ft/sec.



The diverse features of strong lee waves can be seen in the illustr'I-
tions to the several example•., treated in this report. These cases and the
corresponding figures are li . ted here:

Date Fioures (inclusive)

18 December 1951 3.9 " 3.14, 5.1 - 5.16

16 February 1952 3.26- 3.3r, 5.35 - 5.38

18 March 1952 4.11 - 1.20, 5.43 - 5.14, 9.2

19 March 1952 3.36 - 3.40, 5.-45 - 5.48

29 March 1955 C.35 - 6.36

1 April 1955 6.1 6.26

10 April 1955 6.37

14 April 1955 6.39 - 6.40

25 April 1955 6.. 42

Of these and all thu other strong waves observed during the past five
years of intermittent pro,`eLt obcervat'.ans, there are three interesting sub-
types one of which is most :ommon and two of which are comparatively rare, but
are each illustrated by one example in the above list.

1) The normal case.. In these the wave length varies from 13 to 20 km
so 1hat the first wave crest lies over the Owens Valley and the second over
or ust in the lee of the Inyo :Sountains. Typical examples of the cloud
phenomena are seen in Figs. 3.26, 6.11, and 6.39. These phenomena usually
include at the mature stage of development the cap-cloud (Tfhanwll), higi!.
lenticular cloud decks, and rotor (roll) clouds which last Wmy at times appear
rather small as in FiG. 6.39.

2) The rotorless wave of ln~g wave length. This type of leevard flow
pattern is illustrated in Fig. 6.35. On that date, 29 March 1955, two sail-
planes found a smooth updraft zone over 4he ve3t slope of the Inyo )bustains
and soared to 40,000 ft before ..aking a fowced descent. The first vove crest
was marked by high arch clouds and cirrus bands, but no %race of a rotor cloud
was seen nor was there any turbulence eacountered to sug•est the presence of
a rotor zone. In the illustration cited, the =mo*.e from a brush fire in the
center of the Owens Valley nicely traces a streamline over the crest of the
Inyo Mountains. The photograph also zhovs the eastward drift of the fine
dust from Owens dry Lake. (On "normal' wave days the dust is often carried
northward by southerly 3surfMe winds along the eastern side of tke Va&ley.)
The indicated wave lengt ':.,s of the order of 30 to 32 ka (20 miles)--roiaghly
the same as the di.Aance between the crests of the Sierra and the Inam
Mountains. These observations of 29 March 1955 beinG the first and only
record of the occurre-.ce of uch a lee wave, it romains for future observa-
tions to determine the derTee of rarenesc of thic phenomenon. Certainly it
lies at the exi.:eme andC, of .u spectr . of observed "iave lengths; the next in
order is that of 19 March 19>2 "'itn an indicated "'ave length of about 28 ka.
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3) The dense roj" -:,Id 'it..out vlsitle dct%.draft. In certain -se-
with extremely strong Iin-I she-ars and hih. moistu.re cortez.t in the lower tropo-

spheret, a massive roll cloud forms with its leading edte extending in a neerly

straight lire over the Owen.; Valley (in contrast to the usual manner in which

the cloud line curves vwth the racuntain crest) and irith no apparent trailing
edge, the cloud extending eastward over the !1hite and Ir.yo Mountains. As

pointed out by Dr. Kuettner, this form resembles a nonperiodic pressure )uLp

and is the subtype associated with the most severe turbulence in the rotor
zone (see Chapter 10). The eTale of this turbulence--of which, understand-
ably, no qjunntitative measurer'.ents have been made--may be ;uch as to produ-e

sufficient mixing to significantly alter the existing stability stratifica-
tion and thus to prevent the formation of a visible train of lee waves. In
the few cases reported, the rotor cloud was several t.iousand feet thick in
the verti:al and its top appeared to be several thousar.d feet higher than the
top of the f~hnvall. An example of this type is the wave observed on 25
April 1955 in the above list.

'Ioderate waves. Of this 4ecord type there are the folloving examples

in this report:

ate___ F ibrE (inclusive)

27 November 1951 3.1 - 3.4, 5.27 - 5.28

28 November 1951 3.5 - 3.8, 5.29 - 5.30

30 January 1952 ,.2o - .3.25, 3•.33 - 5.34

3 March 1952 4.5 - 4.9, 5.41 - 5.42

30 March 1952 3.1' - 3.44, 5.49 - 5.50

13 APril 1955 (.33

Li these waves the highest altitude attained by sailp!-anes was about
30,000 ft; in the average it was nearer 25,000 ft. These cases are often
"dry waves in which there may aDpear only a few cloud fragents. In most

cases the wave is indicated either by roll cloud lines or a high lenticular
arch cloud; the latter is almost always a single cloud sheet in which t.ere
is no indication of the shrter wave l.ngth encountered in the lower layers by
sailplanes or marke4 by roll : 1.ud lines. In 3=e =:20s, when the flow is
froa the southwest and the front is quite near, the air is very moist and a
moderate vave persists thotL4.,, t-nere appear-i to be a cmplete overcast from
the ground; this is known as sun 'obscured wave.' In such a wave on 29 March
1954 the sailplane reached 25,,'. ft in a narrow '`and canyon" between a
dense roll cloud and a towering foh..'"al. As the canyon, cr fohn-gap, filled
rapidly with cloud, the flifht %ras terminated in time to allow a descent
through the last remaining mole in the undercast.

Weak -iave3. Thic t. -e ocurs n-,zh more frequently than the number of
example. would indicate. it -s zLn;ly less prolucTive of s'.fficiently strong
updrafts to s.lo" a sallplane to e.xplore in a single fliht P worthwhile cross
section of the flow pattern. `izxIrm altitude. attainable in these waves
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seldom exceed 18,000 ft. uscy, t.,e tro-dL•ens.onal picture is ofter. b/iurned
by the effects of position and orientation of individual ridges of the moun-
tain range. There are usually no roll clouds with these, but there are often
scattered lenticular forms or a high arch cloud, with their leg."in- edges
lust in the lee of the Sierra r.rest. T!,e two examp eJ trea.teý _.' .. p.

are:

Date Figures (inclusive)

29 January 1952 3.15 - 3.19, 5.31 - 5.32

21 February 1952 3.31 - 3.35, 5.39 - 5.540

Time changes and the effect of terrain. A grad.,al increase in wave
length occurs when the speed of the air flow over the Sierra increases.
Usually, once a wave has formed and is visible in the clouds, the observed
wave length does not change by more than 30% in one 12-hour period. If the
flow remains westerly, the chu..je from or.: da; •o the next may be of the
order of 50%. One of the most reoarkable ser.e. of this ,ind was observed in
late December 1955 when over a v.,,. of three zonsecutive dayL the wave
length of the roll clouds changez? .u,;aessively from 8 To L1 to 16 Er--the
last just prior to a complete uvercast and the :eeav.y rains which brought
great floods throughout r•orthern California.

Occasionally, when t.ie upper win:d -,peed3 are icreasins rather rapidly,,
the change in wave length appeare- t taý,e place discontinuously. For a
period of an hour or two the wave *fill be indistinctl:y ma.'ked by the clouds
after which it will again Le cleurl, visible with a significantly longer wave
length. This suggests resonance effects caused by the shape of the underly-
ing terrain. The average slope of the east flank of the Sierra from the
crest, at an average height of 13,0O0 ft, to the break in slope at the top
of the alluvial fans, at an average height of 6,000 ft, is 30,. The distance
from the crest of the Sierra to the crest of the Inyo Iountains averages 32
km (20 miles) in the Independence-Lone Pine area, while it is about 26 ka
(16 miles) in the cross section through Taboose Pass just south of big Pine.
Strong waves often reach their greatest development in the latter area where
the highest altitude is most often attained in a sailplane. To what degree
the form of thc Ovens Valley influences the shape of the lee wave is a matter
for further study. The observations suggest that the eastern Sierra slope
is the most important terrain feature in the creation of the lee wave but
that the best developed waves are those that are roughly in phase with the
mountain ranges and valleys downstream from the Sierra.
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8. *MOkJAfl WAVES AND JET STRE/M

Introduction.

The inter-relationship of mountain vaves and jet streams is a subJect
on the frontier of current meteorological research. Awareness of 4et streams,
the coiparatively narrov bands of maxim= 'ind speedS in the upper troposphere,
as important features of the comlicated air flov patterns over the earth has
coe about only within the past decade. The phenocanon itself being at
present Incompletely described and urderstood, there remains much exploration
to determine the manner of formation and evolution of jet streams &nd their
relationship to both large- %nd small-scale veather developments. Althbouh
no formal definition is possible, it is tacitly understood by most writers
that a Jet strean in the winter season has wind speed: of 1W0 knots or more
in a band 300 miles or less v•.de and extends along a distance of at least
1,000 miles. Wind maxima of •i--far speeds out of lescer width and length
may be termed "Jetlets."

The principal Jet st-ez.; found by wind mIeas'•re7ernts and delineated
by contour analysis of upper air isobaric chart- ic that associated with the
polar front and vhi7*:, according to PtaJe'n (;4ý) is .enerally situated
directly above the 1.C mb isotherm -oncentration. T.e 5,)0 ab front is found
between the Isotherms of -2Co and -30 0 C and usually near -25 0 C. Also, as
pointed out by Rieh-. et al (1954), a pronounced teaperacure gradlent at 200
ub lies directly abo.-e the jet stream axis, inricatinG a break in the tropo-
pause. The position of the jet stre•m core with respect to this break--which
amounts to a difference in heieht of the tropopause on either side of the jet
core of the order of lO,0C .t--has tended to discredit the earlier concept
of the "advection" of 'polar ani "tropical" tropopauses and suggests instead
a dynamic developient in v.ich, looking downstreen, the air to the left of the
Jet stream core is subsiding and warming, and that to the right Is rising and
cooling. Delov these indicated vertical motions the reverse is believed to
occur, that Is, ascending notion In the cold air mass and Uescending motion
in the lover troposphere of the warm air mass.

Other sigulficant jet streim are frequently observed both to the north
and south of the polar front jet stream. The speeds of these are often quite
high although they are associated with temperature gradients considerably less
then those of the polar froi.-. Of these, only the more southerly one has an
Influence on the formation of Sierra lee vaves.

Over the Pacific the yolar front jet .tream is found, on the average,
to be about 2C0 of latitude farther south than over the Atlantic (Riehl et al,
1954). This eccentricity of the "Jet pole' is undoubtedly related to the un-
even distribution of large land massea as well as to the paths of certain
ocean currents such as the Xlf Stream. When the Jet stream crosses the vest
coast of the United States it usually appears as a wide, relatively slow
Speed# streom of air. Speeds over 100 knots are strong and speeds of 150
knots or greater are rather azonLOn. In addition to the polar front jet
Strem VOse position is nu.-h more variable over the vest coast than over

Mhe east 4oat of the ?'itec States, there is fou.nd in winter a nearly con-
stant jet stream at latitude 400 1 across the .-outhern United States. The
presence of this latter jet stream anC" the development of a southvard-moving
westerly or soutbresterly polar fro.-t jet strOeA s0Mewhat farther north tend
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to maintair. for u period of •evcra.l nours over the Sierra a ver,, broad, rel-
ative. , fast, current with snAll lateral gradients but witn a gradual increa,-e
in zpeed with time. From the above corsiderations it can be seen that the
" c' .tior. of a pt stream -.It. ti.re deveiopment of riounta_., lee waves is
S'ze y deper:deit or. the latitu..e oi.d orientation cf tl.e monta_;. ranGe. For

tLiz reason the remarks maae in this zhapter refer ord1 te the Sierra Nevada
although some may be appl'cable to other ranges.

In. th,. discussion which fcllovb, tihe subject nas teen divided amorg
firv. princupul topics. These are:

7.) The location o.- the polar front jet stream and the steady increase
of wind zpeeub c',er the oerra during .ee wave occurrence.

2) WongitudLin.l oariat.ons of ,Aind ipeeds associated with the flow
pattern of the lee wave at the ;%et stream &evel.

3) Lo•a± veriodic variat .ons of -wind speed as:o-.ated writh travelling
waves in or -.var tl.e et strt'tw..

4) Rapid, non-pe.iodic, loc,.I .acreaie of wi I Speed trat may be due
to travelling wind ;peed iaAinw. (. ties) and/or -c o.ie ,ozal topography, e.g.,
deep transverse cayo.is _ud p',sses in tne mo'unrtain rai.ge.

5) The vertical and iorizonta.1 wind profi.Les of typical Pacific Coast
jet streams.

These topics are dijcusbed .-, t.nat order oeloi.

Relatlo.a.hip of Sierr., Nev ada lee waves to the polar front jet stream

One may begin a discuEsion of the position and lateral movement of the
jet stream during the occurrence, of Sierra lee waves by examirg the contour
patterns on pertinent isobaric charts. Since the radiosonde obzervations on
v'hich the smoothed analyses are based are often rather sparse--and ur.certainty
is often aggravated by tie difficuity of reconciling Ulea'her Bureau and milL-
tary observations as pointed Out by Riehl (.954)--the (Seostrophiz "jet stream"
probably exaggerates the v:idth of the band of' exceedinaly strong winds and
minimizes the maximum speed in -omparisorn with what mi~ht .ave been measured
by aircraft flights made perpendlaitlsa to ti.e current. Nevertheless, it is
doubtful if the position of the tr.e ,et str,-am -aries appreciab4y from the re-
gion of the maximum contour Gradicnt in -arePully dravn chiarts. Some examples
of upper air charts on J day: of Ltro..g ee waves aurinc the 1951-52 season are
shown in Figs. 5.7 and 5.- (18 De-nber 195.1), FiL. 5.35 (16 February 1952),
and Fig. 5.48 (19 March .952). Or. these charts the Ceostrophic "'et stream"
appears to be very broad over the Pacifi Coast. For tae other lee wave
cases discussed in Chapters 3 :nd 4 aid for wA,ich the upper tropospheric flow
pattern", are not s,.own, T-he rosit.ons of the principal jet streams can be ap-
proximately determii.ed by ie po;ition of the polar front or the maximum iso-
therm gradient on the 50C mb cha'ts. HeLun cnarts for the 18 strongest lee waves
in the period 194ý-5; are shown ' Colson (l'.-J).

Dwring the `55 sea. -n the net,.ork of radi±snde, ravin and pibal observa-
tions was much more den.t., enab... mor.- accur.•te d. ermniiatior. of the jet
stream Iposition by both contourL and measured winds. The case Atudy of 1 April



955 ' 'iven it. Chapter . aff..rd.& a tyiAcal aid uore Jet-41.d ed zle of
Po~ition )f the Jet strew.. with respect to both the front w.d the Sierra A.-rine
t;.-- davelomernt of a stror.c m-)urtain wave. Relevant illustrations in th±.
_Q_. e:= "-, tile 'r az.• 21'. -.• c..arts Lhov. ir. Fi "-. r-..+, d62.,ad

.. l. .~ar-*-, ýne , ~t.2a._ -r. se.-tions of' a 3..m " L F-.:s. £*56 and
ý.24. From the.e charts a.1 cros.s sections of I ..Pril 1,55 and the .'b-
liz:'ed analyses of all the notable case: of bot,, the i):,i-52 and the 19.5
ýeazonz, it appeaer6 that stron& lee waves Aua~lls" oc.:r in the relatively rez1,
c.terl'" :r southvesterl. cr-e.-t ahead of arn app:'oa i.-g cold front a..c so-_-_

of t..e i:ar front ,,.'.t stream. In the cases of 1. Decez.ber 1951, 19 Ina::.
1952, and 25 ,pril .9)5, the syr.optic data and the flig.t measurements sue-
Cest that the principal jet stream laV over the Riah Sierra during the tize of
the sailplane flights.

There are a number of v..riations .o the 'typtcal case, a few of which may
be briefly mentioned. nIu zerta'z cases, whet: a cyclonizally curved jet stream
corsses the Sierra frou t.ie *est or soithwest, there is no visible evidence of
a lee wave because of obsc'rat-o.. by iense clouds and precipitation. Or, two
such occasions, 14 Janur:, -9r22 2nd 14 :;Irch 1952, strong wvnds were en-
countered at 14,000 ft '-y .r.e scalplane on tow but ac wave motion was found
over the Owens Valley. 1r. eiZher :ase it was i*.,rudent to penetrate the
cloud ceiling for f..t.r .x-;oration and whet..er or ..o- a lee wave existed
at hiGh altitudes is matter for conjeztvre. In the zases where a westerly
polar fro;.t let strea. :rossed so'.:thern Ca#iforr.ia--a sitiation that brings
heavy rains in that re<ion--south of the H•ih Sierra, .io lee waves were ob-
served, probably because of the presence of a low tropoieuse, the lack of a
stable stratification in. the cold air mass, and veak.or "Aind speeds aloft.*

In the case of 30 Jya.uary 1952 the flow at 5XC r (Fig. 5.34) was
relatively slow but at altitudes near the 200 mb level wind speeds of over
100 knots were reported at several stations Ln the region. In fact, durinG
the week comprising the end of January and the beri=.ing of February 1952,
the zonal index was the highest of that winter season, and during that week
moderate Sierra lee vmver were observed on 6 onisocutive days. The strong
winds at levels near 40,-',00 ft "dring that period appeured, from perusal of
the upper contour charts, to have been lue to a strengthening and northward
movement of the more southerly, non-frontal, jet stream.

Northwesterly Jet streams over the Sierra are usually associated vith
frontal passages and post-frontal :low at the surface but sometines, if the
cold air mass is relativel:" shaLlou,, ma, be associated with lee waves. One of
the most memorable cases of this t)pe occurred on 12 No;-esber 1951. RiehI and
Tewles (1952) have treated th- large-scale syoptic ,'eveloj=eents of this peri-
od and report a Jet streon of 2XC knots--an extrez"ely high speed--over northern
California on the 12th. ;t Disho; the double-theodolite ;ibal measurements
showed a wind speed of .&; knots at mountain top level (i4,o00 rt). A sailplane
flight to 34,000 ft -.as rnade over Bishop before la.ndini in a 40 mph northerly
wind and sandstorm accompa.r.4in4 the W.wontal passage. Shortly after, the
large timber an(: shzet-'.eta. roof the Airport Wangar vas blown off in a 60
mph gust. Fron-tal ;ajsaC•e- in the lee of the Sierra are rarely so violent,
but marked passages from the north accompanied by strong winds presage severe
weather on the Great Pla4ins in the lee of the Rockies in 24 to 36 hours. Uhen

*The effects of static stability and wind profile ar• discussed in Chapter
12.
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the air is relatively dry and few clouds appear, later developent over the
Plains usually brings strong, dry northerlies and dust storms, But when the
northerly frontal passages at Bishop are accompanied by dense cloud formation
td soe rain, the aftermath often leads to thunderstoims and tor.ados over
the Jlains. An example of the latter are the observations made at Disho •,n
24 May 1955--a moderate lee wave with roll clouds foiloved by overcast, ,
and northerly sandstorm--which preceded by one day the severe tornado destruc-
tion at Udall, Kansas.

Jet streams from other directions have little to do with Sierra lee waves.
Northerly Jet strems above the post-frontal flow (see Fis. 6.30, 6.31, and
6.33) are often more intense and in a narrower band than those downwind of
upper air troughs, but of course are nearly parallel to the range as well as
having considerably different, and less favorable, wind and stability profiles.
Southerly Jet streams are almost always associated with very moist air, dense
clouds, and widespread precipitation. The extremely rare easterly Jetlet--
59 called because it seldom extends for more than a few hundred miles--may
cause a short-lived "reverse" wave over the Ovens Valley which is then in the
lee of the White and Inyo Mountains. Such a case occurred on 13 Decaber 1951
when a cyclonic circulation ("cut-off lov") over southern California brought
strong euterly flow over the .Mnite Mountains and enabled the tovplane to be
soared to 20,000 ft.

Stationary wind speed max±z. associated vith the mountain wave

As discussed in Chapter 3 (Table 3.1) and in Chapter 6 (Yig. 6.14), there
are in strong lee waves large longitudinal variations in vind speed which remain
nearly stationary with respect to the underlying terrain. Obviously, when a
strong lee wave occurs 'rith a jet stream overhead. the wind of the fastest cu-
rent will be speeded up in scue portions of the wave flow and slowed down in
other portions. Where the disturbed flow in the higher levels has the form
observed from the B-47 flights of I April 1955 (Fig. 6.17), extrmly strong
jetlets have been found to exist for many miles dovnstrsea. These observations
were first made by Robert Symons of Bishop who also was the first to point out
that the cirrus bands associated with such strong winds originated in the lee
of the Sierra and extended for a few hundred miles or more downstream. Symms
explored these phenomena with a sailplane and on several occasions encountered
wind speeds considerably in excess of 100 knots while flying above 30,000 ft
and dowvind of the principal lee wave clouds. A cross c€untry sailplane
flight to Sly by Syons was made In about 14 hours with the help of the strong
tallwinds encountered after reaching a high altitude in a strong lee wave.
The strong wind speeds at Beatty on 1 April 1955 (Figs. 6.21 and 6.22) my be
related to the large-scale effect of the Sierra on the vnper air f2lo pattern.

Perlodlc variations in wind speeC

There is no regular means of measuring local pulsations of wind speed in
the uMer air. However, the most convenient and sensitive tool at present is
a sailplane which, by att=Wting to hover In the updraft zone of a strong lee
vwe, can insure rather accurately the variations In horizontal wind speed.
Such observations were made by Dr. Kuettner (1952) on the afternoon of 25
February 1951 while attepting to remain motionless over the terrain at 30,000
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ft in a Sierra lee wave. At first a true speed of approximately 70 Vb
(Ii2 mph irdicated) was necessary to equal the wind speed., but withinr a few
minutes the ss~ilplane beoan to drift slov:L,- back-tard and. the forwamrd speed had
to be increased. T1he wind continued to increase In spoed until finally a
true speed of 110 aph (65 uph Indicated) was necessary to comensate for the
wind. Due to the hi~h forward speed vIth respect to the air,, the sinking speed
or the sailplane increased and a~ltitude ves lost in the effort to prevent
driftinG back into the dovod-aft area. This rather difficult situation
lasted for about 8 minutes, after whbich the wind speed decreased continuous-
ly until a true speed of 70 MQh (I42 mph Indicated) was again sufficient for
hovering flight. The entire ebycle ves repeated once agin before the flight
vms tealinated because of the late time of day, Itiese observations suiggest
that the period of such ',ravelling psaions is of the order of 20 minutes.
Variations of surface pressure of similar periods have been recorded. by
sensitive barographs or pressure variographs at times when a jet stream or
jetlet was overhead.

Non-periodic increase of wind speed associated wdit~i letlets

Onie of the most fascir~atin, occurrences in trans-S-lerr weather Is the
rapid build-up of a strong lee vave within a few hours after the appearmnce
of the first lenticu.2,ar clouds, Such short-lived waves are associated with
the davelopiesat of local Jetlets which amy in turn be connected with rela-
tively fast-moving trouj~s in the imain upper aL- flmi. Time-lapse mation
pictures and sequencec of still photographs have recorded the rapid developm
ment of such waves on several occasions. An outst.anding exampe of this
phenomenon occurred on 14 April 19514 when a sailplane piloted by Dr. Kxaettwe
released, from tow just south of Bishaop where the roll and lenticular cloud
decks vere building most rapidly* A mawiin- altitude. of 35,000 ft was
reached within 17 minutes an the lee wave phencomna. reacbed their mest Im-
pressive stage of development. At 32,QOi ft It was observed by Kuettoar tk*t
the vind speed at the center of the jetlet was about 120 knots while on
either side within a total band of about 50 miles the speed dropsped. to 7o
knots. Staying near t~ae center of this wind speed. uazim as It moved south,-
ward, and utilizing updrafts in lee waves of other smoutain rangs, D Kuttner
completed a cross-country flight to Uas Vegas.

These Jetlets occur =oat frequently in the relatively wwar air several
huadred miles south of the principal polar flont Jet stream. It is a LcWilas
fact, and a vexing one from t~a staadpoint of research fl1igt planning, that
all of the many cases of tlL kind Observed during the last 14 years have oc-
cureed in the afternoon vith the lee ware pheanasin reaching their greatest
developmenat shartly before sunset. This is one of the interesting facets of
the mountain vwae-Jet stream relationship that needs further e~loriation, It
suggests a diurnal solar effect closel.y related to the 24-hour cowament of
the atmspheric tide. Same mcrable exmw~les of such rapid development& of
strong waves occurred on 28 ýkrch 19514,. and 16,. 24,. and 28 Apil 1955. Bach
of these 14 cases sIgrn.od t~e approach of thi polar ftont and preceded frontal

* ~passage by about 3E -wurs. Twio of the cases (28 March 195% and 28 April 1955)
preceded moderate lee waves on the following day and the othe two (16 and 21i
April 1955) were succeeded 1:y strong vwaes occuring in cloaer proximilty to
the polar front jet st::esm. On~ the afternoon of 214 tpril, precedi the strong
wave ofe 25 April ment .Ioned above and discussed in Chapter 6 (Figs, 0,414 and
6.142), high,. ribbed,. cloud bonds of the types described by Schaefer (M93)
and Prost (1953 and 1954) were seen passing overhead at speeds of the order
of 100 knots.



It should be mentioned further that, while the jetlets are meso-scale
features of the upper air flov which generally travel or develop in the large-
scale %qVer currents, certain topographical forus esvpnt the maxima speed
of the jet stremw or may themselves cause local jetlets in a fast current of
broad lateral extent. The most ronounced effect of this type has been ob-
served on many occasions in the area just south of Big Pine in the Ovens Val-
ley and just dovnwind of Tabooii Peas In the Siterra. On either side of this
borad cleft in the Sierra crest are tramsverse canyonsp that on the western
slope being the deep canyon of the South Pork of the Kings River (see Fig.
6.10c). Strong vest-southwest winds are channeled along the canyon and through
the pass making the wind speeds along that vertical cross section stronger
than those on either side. As related In the last chpter, this Is also the
cross section along which the distance between the crest of the Sierra and the
crest of the Inyo Mountains is a minism; when wind speeds aloft Increase with
time a resonance wave of wavelength near 13 k will develop first and best in
this area. For these reasons, saiIllanes are often released from tov just south
of Big Pine where the strongest updra;ts are fund and the highest altitide
can be attained.

Vertical !pd horizontal velocity profiles

In comparison with the structure of many jet streams found over the east
coast as reported by hndlich (19%), Riehl et al (195), and others, the
structure of many Pacific Coast jet streams In both vertical and lateral
profiles Is one lacking In a sharp peak of maxim= wind speed. Im les of
this blunter profile in the vertical can be seen In 1Pis. 3.30, 3.041 6.00,
and 6.12. The reasons for this--lesser temperature gradients defining the
polar front over the West Coast and the roximity of a higher, awe southerly
jet stream--have been suggested above. The lack of a pronounced wind speed
maxim= in the lateral direction and, instead, a qsute broad band of strong
wind speeds is responsible for rather lan-lived. lee waves that my persist
for one or two dasys before their dissipation. Westerly wind protfles vith
sharp maxima are moet often found in the Jetleet and the strong Yoves mesla-
ted vwth these are conse~uently rather sat-liveL.

The principal effect of the structure of a westerly jet streaw over the
Pacific Coast on mountain lee wave formttin Is in creating a favorable velocity
profile for the development of "resonance vavee." As discussed by Professor
Holobee in Chapter 12, strong waves in the Lee of the Siesrr are ftvored by a
high tropopsase and a rather strong positive vertical wind shear in the trapo-
sphere. In the period October through OW such a profile is oommc In a pre-
frontal westerly or southwesterly current over the Siarra when the polar ront
jet stream crosses southern Oegon or northern Calloreai, &M It is mvnted
by the Intensification of snother jet str•sm at hIg altitudes over soutber
California and Arisona.

Further outlook

More observations and research on the mountain wave-jet stream relationship
are needed to supply Imortant details presently lacking from o kno1edg of
the subject. To date there have been no serological studies of jet streams
over the western United States of the type conaowted by Project Arova and
Project Jet Strema over the eastern trited States# Aircraft traverses of strong
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westerly .urrents over the Pacific Coast and dovvnind of the Sierra Nevada
will shed much light on the structure of jet streams in that region. Sam of
the rele.--ant problems to be solved by this or other observational techniques,
e.;., sailplanes, strateviLally placed ravinsonde stations, etc., are
noted here:

1) What temperature changes aloft are associated vith the format I-n and
* movement of jet streams and vhat are the = chanis"is of the temperature and

wand speed changes?

2) What is the effect of the mountain wave tamperature field at the
tropopause level. on the wind flow pattern? What effect has this large temper-
ature difference across the Sierra on the speed and d:irection of the large-
scale jet stream?

3) In strong westerl', flow, is there frequent4 a double jet stream
structure vwth one jet core to the north of and the other to the south of
the High Sierra? If so, is this & large-scale effect of the nountain wave?

4) What is the ozone distribution at high levels (30,000 to 4.O,O00 ft)
over the Sierra during the oci..rrence of a strong lee Ave? Me ozone an
effect on the differenzia.." beE of the air a•d the creation of local jet-
lets?

5) ov hiah does the motain wave extend' lIhat happens at the level
in the stratosphere where the wind speed drops to zero?

It is hoped that all of tiese questions will be answered during the
wext decade.
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9. PztE=IE( M~12A AND ALD U DMS

Introduction.

A discussion of the field of pressure in lee waves and of its
implications to altimeter readings of aircraft would soon require a
review of the principles of pressure measurement and )f the techniques of
determining heights o'f aircraft. Fbr this reason these subjects are treated
In Appendix B, together with a discussion of radiosonde pressure-heights.
It was deemed pertinent to begin this chapter with a section on altimeters and
the errors involved in both instruments and methods, irrespective of "errors"
caused by extraordinary almospheric paeuomena such as th=nderstorms and
momntain waves. Upon these foundations the spatial variation of pressure in
lee waves are examined and their meteorological and operational significance
discussed. In treating this &ebJect the problems of both meteorologists and
pilots have been considered and, uberever possible, appropriate exaqples have
been chosen for Illustration.

.The zressure altimeter.

The measurement of pressure in upper air soundingr and the most
generally used ethod for determination of the heights of aircraft
both make use of the aemroiC barometer. In the case of aircraft, the
instrument is known as an alt~ieter and the n adinGs are "indicated altitude"
in accordance vith the pressure-altitude relaoanship defined by the U.S.
Standard Atmosphere. The most cnoonl used pressure altimeter is one
In vhich one revolution of the principal pointer corresponds to 1,000 ft and
in vhich a second pointer ,idicates thousands of feet, and a third the tans
of thousands of feet. The Instrnents ar calibrated for goss mechanical
errors and usually there is rme estimate of the corrections to be upplied
for dynamic pressure effects dependent on the speed and design of the various
types of aircraft. An adjustable knob allon the pilot to change the "altimeter
setting" and consequ•ntly the dial pointers In order that they maq Indicate the
known gei tric altitude of the airfield frcs which be is takiin off. Similarly

A
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before landing, the altimeter setting is radloed to the pilot in oraer that
he will know the (nearly) exact indicate ealtitude at which the vi.eels of his
aircraft will touch the ground. Most pilots have cognizance of the fact that
the appropria.te altimeter s;ett n- for inicating true alt.tude thanges much
more vith altitude than froau one altimeter-settinx station to the next, but,
In general, this correction is not applied in routine flights; the problem
of terrain clearance, to which this effect has particular relevance, is
ostensibly solved by specifying a mininu flight altitude over mountains.
L. a ratner definitive study of a•tLteters, the Opei.ations and Engineering
Group of the International Air Transport Association has issued a reprt
(1953) on the various errors involved in pressure-altitude measurement. The
following material has been extracted from that report.

There are three basic types of errors that can be distinguished in
the pressure altiAeter, namely:

1. i;echanical [or instr-'.entP".] errors, which depend upon inperfec-
Lions in the machwa.ical .. :stem.

a) Diaphra error. Due to material imerfection and the construc-
tion of the aneroidis, xhe diaphragm d.'lection rill not be
linear but .,ill differ for the samc gllen change of atmospaeric
prussure at di.*fercnt heights.

b) Hysteresis error. Due to imperfect•on of the elastic prope,."ies
of the an.:roid uaterial, a certain t1me will elapse after a
pressure change before the aneroids xave comletely assumed the
shape corresponding Go the new press re. (%Lag" is the process
that occurs at a certain height when the aneroid is pra•ally
trking the shape corresponding to the pressure at that height.)

a) Friction error. Due to friction in the transmission Mechanism
between the aneroids and the pointers, the pressure change mast
reach a certain value, or the instrument must be exposed to vi-
brations of a certain magnitude to move the pointers. Nbreover,
there exists friction located at the te~perature cotpensator
pins, which could not be overcome by vibrations.

d) Temperature error. Due to the instrument beina normally tested
at a fixed tepearature (Generally 200C), any variation of the
temperature of the iastrument during actual operations will
introduce an error, as the construction of the instrument only
partly compeneatcs for the temerature deviation.

e) Backlash error. Due to pzay in the gear tranmission between
the pressure scale and the height scale and in the idler gear
of the instiment errors way arise.

f) Balance error. Due ;o the impossibility to coordinate the state
of balvnce , 1 ,oving A*rts of the altimeter to such a degree
that the Ins .ruaent irill be entirely Independent of its position
in relation to it,: calibration position (1013.2 ub, 29.92in), an
error will occxr.

C) Coordination error. *\Ue to ",completion in the coordination
between the pressure 3calc and the height scale of the alti-
meter, an error nay arise.



189

h) Instability error. Due to different reaction of the instrume it
during tvo consecutive climbs or descents, an error my arise
in the indication. (Instability error, beinG additional to the
foregoing, has been found to take effect at auy time after the
original calibration has been made, and is consequently ouitside
the limits laid dotm by the tolerance curves for the diaphrawa
and hysteresis corrections. It can be a combination of one or
more of the above stated errors.)

2. Operational [or installationj errors, which depend upon the m•y
that the pressure altimeter s operated, and the possibility of
reading and setting the altimeter.

a) Static system error. Due to difficulties to find a location for
the static intakes that is undisturbed under all flight condi-
tions, an error in the indication irill occur.

b) Zero-setting error. Due to the shape of the tolerance curve
generally decreasina irith height, the tolerance at certain
heights is differeat if a zero-setting oether than 1013.2 mb
(29.92 in.) i1 uscd.

c) Readability errori.
i) Due to the height scale of the altimeter being grahiated

in Intervals, it is imposs±ble to obtain a greater accuracy
in the reading than app:imAately half the Sradutlon.

ii) m1e to the pressure scale of the altimeter being radtated
in intervals, it is impossrble to set the premuie scale
with a areater accuracy than approximately half the
graduat ion.

3- Principle (or inherent] arrors, vhich depend upon the method used
to convert pressure into height indications, i.e., the use of the
standard aosphere.

a) Density error. As the density of the real atmosphere generally
differs from the density of the standrd atmosphere, the indicateC.
height over the pressure datu on the pressure scale vill Geviate
from the true height.

b) Pressure datum error. Due to the change of pressure, In time
and space, the setting of the pressure scale vill not cor-
respond entirely to the atospheric pressure at the reference
datum.

In connection -rlth the foregoing, the fo~lovina term are applicable:

a) The tolerance curve iz tLe curve that indicates the mzlum ac-
ceptable corrections.

b) The calibration curve is the curve that indicates the results
obtained froc any particular instrument during the course of test
caused by dakpraox and hysteresis inaccuracies.

The maGnitudes of these various errors ;ave "oeen carefully estimated
for different altitudes cnd for different specific uses of altimeters--terrain
clearance enroute, approach and landing, vertical separetion of aircraft, and

-.- . . -- ,.i , - -
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measurement of D value.* These astimated maxium errors for two Of these
uses are given in the two tables below.

Table 9.1. Terrain Clearance Enroute

leight (iO100'b ft) 1, 3, 6, 10, 15, 22, 30

MLchani,:al errors:

a) Diaphragm and
b )R'steresis 50 50 65 100 150 220 300
c) Friction 20 25 30 30 45 55 75
d) Temperature 5 5 10 10 10 10 10
e) Backlash 10 10 10 10 10 10 10
f) Balance 20 20 20 20 20 20 20
g) Coordination 25 25 25 25 25 25 25
h) Instability 30 30 35 40 45 55 75

Operational errors

a) Static system"* 0 0 0 0 0 0 0
b) Zero setting 8 15 15 15 15 15
c) Readability

I Height scale 10 10 10 10 10 10 10
Ii Pressure scale 15 15 15 15 15 15 15

Principle errors

a) Density (3%) 30 90 180 300 1450 660 900
b) Pressure datum 200 20C 200 200 200 200 200

Maximu= correction ±415 488 615 775 995 1295 1655 ft

Note: If the cruisinG level has been maintained for at least half an
hour, the diaphrag and hysteresis correction could be reduced by 30 ft
above 10,000 ft.

*In measuring D value by aircrai't it is, of course, necessary to measure

both and Z ' The latter is either determined by a radio altimeter as by
reconnlassance aircraft over the ocean or level ground, or by sace other
means of absolute altitude tracking such as of sailplanes in the Mountain
Wave Project.

"•Correction should be applied for this error.



191

Table 9.2. Neasurenet of D - value
Ileiýýht (1,000's ft) 1, 3, 6, 10, 5 2 0

Mechanical errors:

a) Diaphragn and
b) Uysteresis 50 65 100 150 220 300
c) Friction 25 30 30 45 55 75
d) Temperature 5 10 10 10 10 10
e) Backlash 10 10 10 10 10 10
f)B Blance 0 0 0 0 0 0
d)Coordination 0 0 0 0 0 0
h) Instability 30 35 40 43 55 75

Operational errors

a) Static systema 0 0 0 0 0 0
bI Zero settinG 0 0 0 0 0 0c) Readability

i Heiaht scale 10 10 10 10 10 10
ii Pressure ccale 15 15 15 15 15 15

Princiý1e errors

a) nsito(3.0) 0 0 0 0 0 0
b) Pressure datuw a 0 0 0 0 0

tiaximu, correction ±1!45 175 215 25 375 495 ft

Reduced max. corr:** f 70 85 90 110 130 170

Note: If the cruising level has been maintained for at least half
an hour, the diaphrag anC, hysteresis correction co•u1d be reamced by 30
ft above 10,000 ft.

*Correction should be c.pplied for this error.

**If a calibration curve is used and corra-ction applied (as for the static
system error), the diaphra&p and hysteresis errors can je reduced to zero.
If the instrument is locked ..n tiw 1013.2 Ab (29.92 in) position, backlsh
and readablity (pressure scale) wil.l also disappear. The "reduced max.
corr." is then obtained.

Frcm the above tableo i,; is seen that the mot serious errors are:
the combined disphsran anC "ysteresis errors, density7 errors, andi prevoure
datum (aWtlimeter settina) errorr,. One e*mn1e of each ot these Is given belov.

Example 1. &steresis and diaph-, errors, L1 FMG. 9.1 the calibra-
tion curves for t-o 50,000 '.-ot altimeters are shoan. Cne set--that of lesser
arplitude--is of a soi..-xyhct be,.r Instrument of the te used in cuwrret
allitary aircraft. The other is probably typical of most altimeters cur-
rently used in commercial and private aircr.ft. In the latter, corrections
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of over 300 feet are "ndicated vith a naxizrn tR fferen::e between the asceeut
and descent curves of about 400 feet. In reality. in an undulating flight,
jumps in the rp•oinWs do not occur because of lag and it is then that ac-
curate deteruinations of Z are most difficult to ascerta-n.

"P
Example 2. Altimeter setting error. At the Disaop Airport .leather

Bureau station (Z = 4,110 ft) a barometric pressure* of 25.735 in. cor-
respond.* to u =4,110 ft and D - O. (See Fig. B.1.) In this case the
altimeter set Lig, A, would be 29.92 in. Nov, when the Bishop pressure is
25.26 in., Z - 4,61o ft, D s - 500 ft, and A a 29.38 in. (which is about as
close as one can read the altimeter setting dial). Checking the foanmla for
obtaining 7. from the altimeter and supposing the instrument to be perfect,
i.e., no inbtrumental errors, ue have:

Zp- Z, + 925 (29.92 - A)

- 4,110 + 925 (29.92 - 29.38)

1 4,110 + 500 - 4,510 ft

This is the same result as obtain.-d fror the nrogram of Fir. B.1 or from
Bella-szn tables of p "s Z when p - 25.26 in. vas known. It can be seen
that the term 925 (29.92 - .i.) _s equal in magnitude to the D value but of
opposite sign and, therefore, that the local altimeter settinG is merely the
correction for the local, ;urface D ialue. Had the altiLeter setting been
29.92 in., aWain assuminn. a perfZct inttrrcment, the indicated altitude would
have been 4,610 ft.

Example 3. Density error. In the vertical cross section frix Medford
to Phoenix at 0300 CT on 2 April 1955 (Fi;. 6.24), the D values at 300 mb
for Medford and Phoenix are, resp.ectively, -1,050 ft and +860 ft. Now sup-
pose that the surface D values at each station were both zero; this is vey"
nearly so as D dereases with hei,,ht in the cold air over fiedford and in-
creases with height in the imr air over Phoenix. (Here "cold" and "wars"
are relative to the Standard Atmosphere sounding.) Then at each station, if
an aircraft vere flying from one to the other, the altimeter setting would be
the some, namely 29.92 in., and, if the instrument and operational errors and
time changes of D are neglected, it would correctly indicate the true heights
of the fields at both Medfvrd and Phoenix. But if the aircraft flew at 300
ab, the altimeter would read 1,050 ft too hi over tkiford and 860 ft too
low over Phoenix while always sho'iing toeae indicated altitude of about
70"0 ft. The total deviation is close to 2,000 ft.

The lee •iave pressure field.

Ilon-hl-rostatic effec .s. It ias been recognized for many years that
muntain waves, like thtrderstoris, are amng the phenomena excepted from the
general assumption that oressures ueatured in the atmosphere reflect only

*Corrected for scale, tat•yera'•vre, and Gravity error *ut not for elevation

(4,145 ft) of the former etation site in the torm of Bisadop.
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hydrostatic conditions. Ir. these exceptions to hydro3tatIc conditions the
deviations of true pressures from pressures resulting solely from the "weight"
of the air are caused by vertical accelerations in the air flov. The
principal difference between the non-hydrostatic pressures in lee waves
and those in thunderstorms and related phenomena is that in the latter the
vertical motion and its pattern of accelerations are rather unsystematic
and non-steady whereas in the former they are systematic and approximte a
steady state. Therefore, if the synoptic streamline pattern of a lee wave
is known, it is possible to calculate the effect of the vertical velocity
accelerations on the pressures measured by aircraft. The derivation of the
formula is as follows.

The equation of motion for steady floy (a/at . 0) in the vertical
plane, with the Coriolis and viscosity terms ignored, can be written:

v~vv * (v 2/n) n + V 8V/a, } - - cVp +

where V - Vt, is the lefthand normal, 1/R is the curvature, and z is along
the streamline. Flor points on trough and crest lines t a 1, n k s x,
V - U, and v a 0, so here one gets:

(uY2 /R) k + (UUa)- -? .

Multiplying by 9 and rearranGin, terms,

(1) -Vp = P(3 + U21) :- + p(tuU/ax)

Integrating alon.-, a tilting trough or crest line
one gets:

(2) _ pl l p + UIR)d + p (UIa)d
z0 x0

At the trough line R is positive and at the crest line R is negative.
In an upwind-tilting lee vave, aU/ax < 0 at the trough line and 8U/ax')0 at
the crest line since that confiauration requires greater wind speed in the
downdraft areas than in the updraft areas. For a non-tilting le wave,
equation (1) reduces to:

(3) .p 0 pa X Zp(_+ U2/R)dz.
z0

If a streamline in the lee wave is , fined by y = y(x), its slope is

y' - w/U and its curvature at a trough ar rest is

/B •"- (.I/u)' . Tl w/ax- wU2 au/ax

But v - 0 at trough and jrest lines so that U2 /R - U av/a. For periodic
flow, va ax cos 2wxL" and

aw/ax = v. 2IL- 1 (-sin 2wxL" 1 )

At crests and troughs x a L/4 ana 3L/4 1 respectively. Then at the trough
lines, (aw/ax) + - 2wL"f and at the crest lines,

(alax) w- m 2wL-1.



A convenient form of equation (3) is:

(4) Po - Pl "/11 P gdz L'I 217 A Z
ZO

vhere the plus sign applies at troughs and the qinus sign at crests. This
equation states tim t the difference in atmospheric pressure measured along
a vertical between level z0 and a higher level z2 is equal to the ta-dro-
static pressure, i.e., the veight of air in the ceolu of unit cross sec-
tion, plus the intelrated effect of the vertical ceatrifu•1 accelerations.
It is aprent that the critical regions where both terms on the right side
reach muxis values at any level are the troughs and crests of tht
vertical strearaline pattern. Considering first the kydrostatic term,
wherever the lapse rate is less than the adiabatic lapse rate, and assum-
ing that the only temperature changes of air parcels In the rave flov are
adiabatic, temperatures in the crest will be coldest and those in the
troughs warmest at any level. This difference leads to a horizontal pres-
sure gradient frow trough to crest vlach in a won-tUlting wave would In-
crease vith height. In the extreme case of an adiabatic lapse rate there
would, ot course, be no temperature difference and hence no hydrostatic
pressure gradient from trough to crest. Near an inversion, on the other
hand, such as is generally found in the roll cloud zone, the teqierature
difference from trough to crest is often of the ordar of 100 C. At the in-
flection points in the flov the htdrostatic pressures, teuveratures, and D
values should be representative of the mean or undisturbed flow.

Examining next the vertizal acceleration term of equation (4), it is sem
that the vertical accelerations in steady flov are greatest in the troughs
and crests. The vertical centrifugal accelerations which are positive at
the troueh and negative at thc crest, tend to make the air "heavier" at the
trough and "lighter" at the crest and thus act to reduce, the horizontal
hydrostatic pressure gradients in lee waves.'

Lntegating t,,pation (1) along a constant level, one Gets an
equation relating the horizontal variation of pressure to the correpopmding
horizontal wind spied variation:

I " PU au/a~cd (Ux., - u XO

which states that the horizontal wind speed increases in the direction of
the horizontal pressure gradient and by an amount proportional to the mg-
nitud. of the pressure difference.

The folloving four examples taken from the 1951-2 cross sectiois
illustrated the pressure fields in lee waves.

Examle 11 D valus3 &:d 'horizontal wind speed variations. At the 300
mb level in the lee wave cross section of 16 February 1 (9ig. 3.28 and
Table 3.1), the measured D values were lowest in the crest and highest in,
thhe troughs. This relationship is in general agreement with the observed
acceleration of the wind from trough to crest and invites a computational
check. Since the U field is more accurately measured, we can compute from
equation (5) above the horizontal pressure gradient required for the

*Thss is not surprising since it is the balauce between r~ostatir
and hydrodynamic forces which determiies thc flow characteristics.



observed acceleration of U. WIith reference to Table 3.1:

* o.47 (lo- 3 ) t a-3

U-26 m siP

6U + , 10 n s"1 from 13t tru.gh to lsa crest and - 10 5 s"1

from 1st crest to 2nd trough.

The: pX3 PX I A U.- (0-7) (1o-3) (26) (±lo)
0

0.12 cb - 1.2 ab

At the 300 *b level a difference in pre.s-ure of 1.2 m is equivalent to a
difference in D of about 90 ft vl±h, considering the dmgree of accuracy ob-
tainable in messurinj Z and Zp• is in rather close sare--wnt to the olse've4

AD s of - 120 ft from 1st trough to lst crest and + 80 ft frcm lt crest to

2A truh.

xcamle 2. comparison between observed and bydrostatic D values. If
one considers the first run wundr 6h* roll cloud an 72cc •t 2Ma8, 1 F*u;
1952 (Fig. 3.28) and, for the points cited in Table 3.1 and the coan
surface data from the (t,x')-zections (Fts. 4.1 and 4.3), mqutos their
altitudes k*-rostatical,', t1 follovin. results are obtained (tbere are no
agasvuruzments from the to~)

Time z D D (y tatic)
PST Position ft ft ft

1.217 Dowdraft 12,580 - 55 (+ 100)

I=20 Crest 10,850 0 (+ 20)

.1223 !.Pdreft 11,180 - 110 ( 0 )

122l Updraft 13,330 - 40 (. 60)

The absolute differences said not be caared because of possible
absolute errors in T, ZI, and Z me.surains; rather, it Is the relative
di~ferences within the tvo sets of D values tat pertain to this discussion.
In the hydrostatic D field, thc value of . 20 ft at the crest is a nar
minium vith respect to poiLts on either side. Since ve are camtim from
the -rmnd mupard, this rcsult is in areemet with the aectatlom of coldest
mean ta~eratures and lo.est :*ostatlc heights of essmue surfaces in a
non-tilting crest. In contrast to the h~*rostatic D field* the D values
measured directly frm. Z and L. shov a relative mazinm at the crest lme.
The conclusion suggested is that, in this case, the effect of the man
centrifugal acceleratiot at the crest line, within the layer betwee the
gound and the points cited, acted in, opposition to theh bdrostatic effect
and thereby reversed the Xressure gadient bet-eea iax trough an cold

crest.

---



9m~le 3, the D field in .the vertcal 4ane. In order to assess the
Magnitude of the bqrostatc land non-l•'4rosatlc contributions to the pressure
fielA In a strong lee wave, coaputations were performed on the data from the
case of 18 larch 1952 treated earlier in Chater 4. Using the Q field an-
slyzzed from the meteorogram at 0800 PST (1ig. 4.16) azd the surface pressures
at the same time (Fig. 4.17), several soundings along x' vere plotted and the
D values in the vertical plane were coputed; the resultant analysis Is shown
In FlC, 9.2. Comparing this D pattern with the 0 pattern of Fig. 4.1i6, one
saes tluat the imlaum hydrostatic preasure (D value) at levels between 700
and 500 mb is found In the trough and the minimax hydrostatic pressure (D
value) is found at the crest as expected. At the 500 ub level the hydrostatic
D •adment fro the trough ("Aere D a + 60 ft), to the crest (where D = - 210
tt) is equivalent to -27O ft (-5.8 m) in 30,000 ft (9 ka) horizontal distance.

Although no winds were rmeasured on the meteoropram flight of 18 March,
It is possible to estimate the values of U from the Bishop pibal (Pig. Ig.13)
end the values of v from the u.-and doirndrafta encountered by both the
powered aircraft and the sailplane. The tnwe length and dersity distriroution
are known from the analyzed 0 field. Considtering no! just the vertical an-
celeratior (centrifupl) term in equation (4), the following conservative val-
ues wnply to the layer betveen 700 end 500 rb:

- 0.785 (1.-3) ton e,3 at the trough and

0.814 (10"3) ton m-3 at the crest

U u3o0u"

"VX -a t 3,000 ft min- 1  16 n s"1 at inflection points

L -16ha

it a 2,606 m at the trough and 2,p521 a at the crest

Lettinap a P - P U A 2% 1 "1 A, we Get

z7ax

at the trough &P + (0.7.5) (lo-3) (30) (16) (2w) (1/16) (io-3)(2,6 )

= + 0.39 cb a .+ 3.9 m

at the crest ap . - (0.8.1)4) (10-3) (3.0) (16)(2v)(1/16)(10-3)(2,521)

-- 0.39 Cb - 3.9 M

At the middle of this layer, near SOC , Ap of 3.9 ob corresponds %o
&XproKately 150 ft in &AZ. TWEu the thickness of the 700 to 5W a law
lmereases from trough 'to c~e Atby abouit 300 ft (AD -a + .300 ftt ý & to
centrifugal forces only.* N ow, In the hydrostatic D field (Fig. 9.2),

*00e could nov reco•pute &, usin.; correcteC values of Am but this refine-
seat would stiL. re~s in. a r'elative correctio. of 300 ft.
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Is thetoug i tadI h crest b-210 90 f. T the tidmess of the "Yerfamtrou•b to crest by 200 ft dua tO *F~lostttic *"Oct$ e04y

(AD - 20 t) dastnew ompuae yte yr&aia
effects (au + an300 -;ott00( a resut to In awlaiee~n" Vith the lpattern

of vId qjeed and actwaal ! in5s5ud In thr lower trooshere of the
strow lee wve at 16 february 1952 as shIm In Table 3.1, and in buapple 2
above.

5e 4, the s-ue field across the If one considers
the potion ver eTa at 1000 M cn 18
Decemer 1951 (Fig. 3.11) and caqutes hydrostatic presrae-bellkt values

alog heverticals above Uc (thxough the trough) and N (thraig the mest),
the folloving results are obtaned for caqkrzuso vith the relloomde lta
at LP:

Sp •Mdrostatic D (ft)

(6) LP (6,760 ft) w (6, 16 rt) 9 (3,83 ft )

(Windward lope) (Lee trough) (Le crest)

Sfc +210 - 80 - 4O

800 + 240 - 80 - 70

700 +220 - 1O - 110

600 + 230 + 80 - 150

500 2Oo + 250 - 170

.00 + 360 + 470 - 100

300 + 660 0

From this table it can be seen that the hydrostatic )uxssure gradient
(difference in D value) across the Sierra is greatest at the surface and
decreases vith height, apprently reversing Itself salitl- above 500 ob.
Ch the other band, the difference in D value frca troug to crest is least
near the surface and the hydrostatic gradient of P frmi trough to crest
Increases vith height.

To obtain a rough estimate of the total effect of the vertical accelsra-
tions of the streamline field in tVe laer from 800 to 300 Ab, and recallinc
the large vertical speeds encountered by aircraft on that da, the folIoving
calculation is made:

±(0.'i5)(10-3 )(30)(10)(2w)(14 25)(lT3)(7j.200-)
a o- p u ep o 2- ba• 0.- b= *



At 300 ob, 6.4 mb corresponds to 475 ft in D but in applying this
Ap to the entire layer one must use the average height difference or that
for about 500 ab which is 320 ft. Subtracting 320 ft frm the *droetatis
height of the 300 ub surface over SC (trough) and adding 320 ft to the bye
drostatic height of the 300 mb surface over N (crest), it can be seen that
the total difference of 640 ft nearly equals the fictitious hyd•ostatic

diweut of 66o ft from trough to crest at the 300 mb level. The em
arguent holds for any other layer and Isobaric surface In the lee rve.
Again we find the campensation betveen lydrostatic and hydrodynmic pres.
sures.

Pals (1955) computed the pressure field de to resonance waves and
found a nodal surface near the level of maximum etreinline mltude; above
that level there was a pressure gradient from trough to crest but at the sur-
face the love@% pressure was under the trough and the highest preseure eas
mier the crest. The observations of 16 February 192 (Unmples 1. and 2.
above) and 18 March 1952 (kamale 3. above and Fig. 4.18) are in agelant
vith Palm's theoretical model.

Sttmeter errors andarcraft o outain.

One of the Mo3t aramatic mths about the Sierra Wave is that concern-
lig large altimeter errors of the order of 1,000 or even 2,000 fcet associ-
ated vith the disturbed air flov .ear the mountains. The alleged facts,
viaely ciroulated and videl•y bellevecl, are based upon the stories of pilots
who have flown in strong mountain waves and who have iadeed noted sip•ftlcant
differences between their altimeter reading and their apparent altitude.
Without doubting the honesty of tne3e men--but with. perhaps, a rink at
their enviable ability to spin a good yarn before a credulous aucliemce--
project experience surggests that these "errors" are either real instrumetal
or principle errors or, in sae cases, discrepancies caused by optical Il-
lusion. Listed In order of importance, reported altimeter errors in the
Sierra Wave may be due to any of the following:

1. Large principle errorz, particularly in air •acb colder than the
Standard Atmosphere and with an altimeter setting that is too high for the
region. In Table 9.1 the mawimm altimeter correction at an altitude of
15,000 ft, near the crest of the Sierra, is of the order of 1 000 ft, half
of which is density error. Pre.sure "atUm (altimter setting$ errors,
goialy ainiimsed by experienced pilots becme Impotant where surface
pessure falls rapidly during a flight. [See exaples 2. and 3. at the end
of the section on the pressure altimeter in this chapter.)

2. A combination of large instrument errors--particularly d1aphrqp
and bistereeis errors--in the altimeter used and oper'tional errors, indluA-
lag static aystea. (Son Table 9.1 and example 1. of the first section of
this chater.e)

3. An upvind approach to the Sierra in which the pilot glances at
his altimeter vhen near the trough of the wave just prior to encountering
a 3,000 or 4,000 ft per min dowdraft, and one aimte later finds the
aircraft approaching the mountain side at an altit;d. obviously 3#000 or
4,000 feet lover than Intended. (If he were not so busy at the instant of
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"•o•..�hi g this da:.rer ard %ad time to look at his al.ime-ter, it woul.d,
in a.U probability, verify the unpleasant fact.)

!, An optical illusion caused by either the lack of a level
horizon when flying under clouds in sountainoLs terraJn or by a lowming
eflfect caused by refriction of light by a temperature inversion rear the
level of the mountain crest.

As for errors caused by the vertical accelerations in the lee wave,
the -ocputations and measurezments indicate that these effects are sna2lez
ti!4. the hysteresis errors and are therefore generally undetectable. It
should be pointed out that in the non-steady flow of certain strong mountlin
waves, there are probably large vertical accelerations of short duration,
but in such instancis the associated turbulence is by far the greater
hazard and con-e rn over the slipht effect on the altimeter reading is ir-
relevant.

The "one minute later effect" (3. abo-e) may be the real Lorelei of
the mountain wave for pilots. Often the downdraft is so smooth as to be
hardly perceptible if one were not watchirg either 1.nstruments or terrain;
the aircraft is simply pushed rapidly and steadily toward the ground. The
strong downdraft coincides with strong horizontal wind speeds, which means
that a lee wave vith a donindstaft of 4,000 ft ;er mn rmay have four times
the effect as one with a doindraft of 2,000 ft per min on an aircraft
flying upwind, since it -will require twice as nuch ti:.e to traverse the
dangerous area. Also, the total loss of altitude will be even pester if
the aircraft approaches the wountain . ;e obliquely and will be at a
maximwi when flying parallel to the ran&j along the doundraft area. The
result of a minute's Inattention and reliance on the autoatic pilot in
such conditions can be as catastrophic as falling asleep while driving
an auto•obile.
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Prepared by the Weather Division, Headquarters Army Air
Forces, C4-7408, AF. ("Restricted")

Holaboe, J., Porsythe, G., and Gustin, W. (1945): Dynsamic Meteorology,
New York: John Wiley & Sons, Chapter 4, pp. 61-1N.

Palm, E. (1955): MLltiple Layer Mbount ain Wave !Iodels vith Constant
Stability and Shear, Scientific Report No. 3, Autobaro-
tropic Flow Project, Meteorology Department, University of
California at Los Angeles Contract Ko. AF 19(604)-728.

Report of the OPS/fl3 Stu1" Group (1953), International Air Transport As-
sociation. (DWv oE's/xo6).

*See Chapter 10, Fig. 10.4.
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It in well knovn aug Slider pilots that a coajination of severe
-,erbulence in certain fVow se-tior.s vIth -nn:oo erot..nest In other3 is

tyical1 of the mou.tain vwe. In s-wal, the dIstributtor of tiese flow
regime is am•& visible Ln the cloud formations; the cumulus or fracto-
cumaulus type roll clouds representing the lover turbulent ayer,, the lecticular
type altocu alus or cirrus clouds depicting the mooth upper wave flow. Oc-
casiona.-Jy. but quite rarely, a ig layer of slight to serere turbvle.•e
has been found In the neigJ1ohood of the tropopause. A cise of this sort
of high level turbulence Is described below. the eo tylpi a arang nt
is &a follow:

IMve turbulence zone

The smooth wve flow of the uper troposphere "rests" on a turbulent
air mass originating downwind of the mountaj range close to the ground and
probabl]y drectly connected with the stable air me.n ft ling frOu the "cap
cloud" ("fohn outer" over t1e moutain crests) dovn the -ee slope. The
"cloud fall" vhich makes thic gravitational descent ft•es•ively visible is
not alveys present, depending on the humidity conditions. Its mooth con-
tours are deceiving. It has been found Ispossible to control an aircraft
venturing Into this flow. In view of the barsr connected vith the twbulant
lov level flw,, very little is known on details of the 21ow characteristics
close to and below the maotain crests. A few miles farther downvIMr, the
so-c&al "rotor flow" has been better explored, and it is there bere
=et encounters with severe turbulence have been made.

As discusi.z "'.2 an earlier section.the "rotor flow" owes Its ne to
the fact that vinds in its loer parts are eithr weak or reversed. This,,
bwmvere, Is omnl an average statent. A stresmLn ftlow does not seem to
exist In the rotor areas The air mass under and In the roll cloud Is in a
state of oantimas mixtzW, the hIgbest degee of turbulemae oelag encountered
at the leading edge of the roll clou at about the level of the maoutain
crests.

Wortunately, most of the giader tows have to penetrate qWind throu&
the rotor flw In order to reach the waysve v ft ahead of the rol claud,
putting an eorus strain an s3qimnt end crws. Nwb•I nvoluntary -
perience Iao been collected in this vay on the chbracteristics and mag-
alide of tuaulence undr and ahead of the main roll cloud se base in
the Sierra N'v*ais Ie gneral.l f•md at cret level (h k * 1 kia) and hoose
ts very frin5 to 7 vith en oerveod mtmea of 9 k (30#00 It).

fe tyM of turbuUme eaomatered In the rotor flow dift. fte that

'be air ias Is "stable" in the sene that It is geerally covered by a
awe or lea thin boun. laye of peat potential stability* while Is.
trnall, the air ms may be uastratified &n to i Wing.

I
- -- ,
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of therma convection and Is best described by the following excerpt of flight
report 20 from 18 Decaeber 1951 by L. Ugmr research pilot of the Mountain
Wave Project In sailplan P-R:

The turbulence bo;.hme more sevirea as we projgrvssed under the roll
cloud. It vu not possible to keep the sailplane in level flight
attitude even with full controls being *plied. The magitude of
the vertical change of the position between the two aircraft was
very peat. The rate at which thes changes occurred was amz tg.
Too, tue distances between the two aircraft would change with no
apparent change in speed or attitude. The towplane would suddenly
loom larger and w would be rapidly overtaking it with the sail-
plans.

This became quite disconcerting as on one occason, when we had
overtaken the towplane, the DT raised very sudden' and turned a
little across our path. We were nov looking p at the tovplane at
about a 25 or 30 depec angle with a large loop of slack tow line
coming toiard the sailpiane. The rope cam back across the top of
the left wing, over the canopy and then the right v.ing

Before I could release, the rope was yanked off the top of the
sailplane . The slack was then taken out of the line and there ap-
peared to be no damage done.

We released under the roll cloud vhen the tow plane btopped,
pitched forward and disappeared from eight* The release was mad
before the tov rope could become tight and jerk the nose of the
sailplane. The time was 14:48 and altitude U1,000 feet. The x-
inn accelerometer readings on tow were found under the roll cloud
with a - +5 and -2 0.

Tht tovplane cam along beside us. To have the toplane flying
beside us off to our right, really gave us a picture as to what was
going on. We would suddenly rise and the tow plane would oM out
of sight. Soon the tovplae would come back up and we would be on
our way down. It rminded me of two elevators operating side by
side.

Most characteristic for this type of turbulenc are the horizontal gusts.
They affect the aircraft'sa airspeed in a disturbing v@V,. quite different fron
the well known convective turbulence. This Is, bovever, not surprising since
the rotor flow Is always connected with strong borisontal vinds approaching jet
stream conditions. Mauimal vertical accelerations 6ring tow in the rotor
zone,, as read from the sailplane'Is accelerometer exceeded 7 0, a value not
very reliable In view of possible over-shooting of the instruent needle.

A more accurate record of rotor turbulence has been obtained by the
flight analyzer of the B-29 during the joint operation of the Jet Stroea and
Mountain Wave Projects In 1955. The case in question (1 April) ws a powerful
mountain wave with average turbulence in the lover levels. The aircraft was
circling over Bishop about 15 miles downwind of the Siera crest at 5.3 ka
high :in the general area of the rotor zone. As Fig. 10.1 rrreeas, vertical gust
velocities of 30ft/sec (or amoe) occurred 13 times vithin 50 seeonds, the
maxium being 69 h/sec negative. These are derived gust velocities according
to the present LVA formula which takes gust gradents (rather then sharp edge



gusts) into account.

While these surprisingi1y high values represeat onlJy the average con-
ditions to be round beneatb mountain waves, a certair criti!cal erragumat
of the rotor flov (which Is, fatwately,, rane) dispayw.- a turbuleece of
destructive minatude. It can be recopised by the fol2.oving character-
lItIcs:

(1) Roll cloud: Deep vith tops unusually hlgh,, exceeding coo
sideabl~y the tape of the cap cloud ove aOw h uostaIns. In the
Siem - Nevada 30,.000 ft (9 ka) have beism obseruved.J1

(2) Leading 941p of the rotor cloud system: Uhems'.lly ftr domvinde
(DI the Sieam Novada 15 iniles distance from the crasts have
beem aobsnvod.)

(3) Marricane force surface winds betwo ~mutain rawg and rotor
zone carrying d~ust Into the roll cloud.

(I) tralAt, 'gain~ edge of the roll cloud. not floigthe bends
of the smoutain -=goe and great lateral extensaim. (In the
Sierra Nevada ro-I clouft of ame than M5 .11 - lateral, eztn-
sior Las" been obm.rvo4.)

(5) Aotar cloud extendIA far deqmvind without poriodicity.

(6) Tuwrtalsoco oancointratad in smal cloud PAMf ahead ot the roll
clMAd's leSaIng ede.

Tse" comiitios voe fultill.4, hbr amle,, on 25 Agra M5 whom
both project gliders rm Into emessiv twrbulace betyg 1.3,000 amid A..000
fet" while pamtrsting tbe described smal cloud puffs at the leain edep of
the roll cloud. Over the tam of lishop hoizontal gusts of about 9D rttfse
wore masqued whle 5 -iles farther smouth the project g -i J6 (dos~ged
fti 10 1/2 0) was destrayed by past estleted at 1W0 fM/sec. 20opts, of

the two CU~t reparts mW i1hastnUt this e~perims:

From Molt rqrt 0015 AO -J. Owtu in Doesoiaw 2-25 aaiJline

After a #I= 1.s .,- 30 mrnlwstion I tried to take speed back
to 45 mph, but in q~to atthe Pamsee wV &ttuftl* speed is.
crossed rovidir %a o mo Aturbwlmee became so somwe that
I loDt .mtrol. lbs mmfead. ~Amu Mlaai, Gpuffs bring

wedw Ship a infrot of the mial roll .I..ud I be ao
othe cohice then to pesetrate betv M~m while bring to
deemosn below tbe bas of the kws nil asic".

After, ernoatorIme 1000 ft/mia fm said 1Uw ft/'ala vp in
close ounOesalm, a asoom& cl10d puff ame m an e"e Varg
esmaritem MA the sPeed, Ame to a hortsonL fast,, iameaft
90 Who no"e vps with am aec tlmrtc of th e m atw of0. So
airariaft lost control am to a 'hbl* goed oa&.

From MoJt rovat 005w 2. L. sft it, P~tettad sablplne

914 Wflt path wwt, laft the vary top of the little: cloud
pMt. 14t gagmd to sWel qp befare the *aNO In the last Megt.
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I looked at the needle and ball. Suddenly and intantaneously the
needle went off center, I folloved with correction but it swung
violently the other vay. The shearing action was terrific. I was
force,, sideways in my seat, first to the left, then to the r 4 ght.
At the came time when this sheazring force sioved me to the right,, a
fantastic positive G load shoved Le down into the scat. This positive
load continued. Just as I was blacking out, it felt like a violent
roll to the left with a loud explosion followed Instantaneously vitt.
a violent negative G locad.

I was unable to see after blacking out from the positive G load.
However, I vas conscious and I felt my head hit tie canopj with the
negative load. There was a lot of noisv and I felt like I was
ta-:ina quite a beating at this time. I was too stunned to make any
attemt to bail out.

Just as suddenly as all of this violence started, it became quiet
except for the sound of the win4 whistling by. I felt I vas falling
free of all wreckage except scmething holding both feet.

It is unlikely that aircraft can be designed strong enough to withstand
these excessive loads. Like boats staying avuy from the di! a Falls, the
remedy for aircraft it to avoid fliGhts into the rotor zone when the critical.
signals are up.

Upper turbulence zone

It has been mentioned above that the air flow in the mountain wave above
the rotor flow is laminar and exceptionally smooth. This is generally true for
altitudes as high as the lover stratosphere. Freqiently, the tropopeus is per-
ceptible by a very slight rocking motion of the sailplane resembling a boat
drifting in a light suier breeze.

Occasionally, hovever, severe turbulence is again encountered at levels
above 10 '.=. This is especially true if the jet stream core is close and the
temerature sounding shows the typical &radual transition between tropospheric
and stratospheric lapse rate (Fig. 10.2). It is not clear at the present ttae
what the mechanim of this turbulence is and whether or not the strongly
negative vertical shear gradient on top of the jet stream core is involved.
An example my illustrate this phenonenon.

On 18 December 1951 a strong mountain wavealloved the saliplanes to reach
42,000 feet. The vertical teaersture and wind soundings (Figs. 10.2 and 10.j) in-
dicate the closeness of the jet stream core with winds reaching 125 knots at
40,000 ft. In the stable transition layer between troposphere and stratosphere
extending roughly from 33,000 to 38,000 ft (10 to 11.5 km) turbulence of un-
usual features and magnitude was encountered. Fig. 10.4 shows the vertical
motions of air within 3 minutes of flight time (lover diagram). Vp and down-
currents of 3,000 to 4,000 ft/mir. alternate in close succession reaching at one
point a total amplitude of 7,000 ft 'mm (35m/sec) vithin 5 seconds* of flight

*These are carefully evaluated mean values over several seconds and are not

to be interpreted in terms of accelerations which, generally, cover shorter
intervals and cannot be evaluated fro, altitude records.
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time. The corresponding altitude (center curve) is close to 37,000 ft.
That it is Impossible to keep airspeed constant under such conditions is
evident from the record of the P-R sailplane (upper curve), the variations
reachiiA 30 knots. In agreement vith the pilot's i-1.pression, the diagram
seems to indicate the existence of very large ed•iie5 or turbulence elements
vhichL, if drifting in the rind, should have a characteristic size of about
2 km (or 40 seconds flight time). PAximla indicated accelerations vere
+4G/-20. The correpponding (true) "derived gust velocities" again exceed
100 ft/sec. Height and structure of this type of turbulence my represent
a serious hazard to modern aircraft vhi.h cross mountain ranges close to
the jet straw core and the tropopause. Not enough experience has been
collected so far to allow a generalization of this observation.

Note: The sailplane's flight characteristics are: Vingloadl : 58 Tbs/sq ft

Aspect ratio: 13

References.

Kuettner, J. (1952): A Note on High Level sir1tulence Encountered by a
Glider. Air Force Survey in Geophysics No. 29.
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11. ILIIN HAZARDS OF THE ?IM AIN WAVE

It must te clear by nmr that the comblned phenomenon of vwve and
rotor flow presents serious hazards to aviation. In the orde of severity
these hazards are:

a. Downdrafts
b. Turbulence
c. Local change of upper vinds
d. Altimeter errors

While each of these flov characteristics has been discussed at an point
in this report, a separate treatent from a pilot's viewpoint apears ap-
propriate. The history of aviation is replete vith disasters of aircraft
in mozntainous terrain. Ihany of these accidents have been listed as
"pilot's error" for lack of better explanation. The more probable Inter-
pretation is that the re~ltively rare case of a very poverful momtain rave
has been encountered by an experienced pilot for the first (and last) time.

The significance of zhe four hazards listed above will nov be dis-

cussed, first separatelk, tL-en in their criticall *-obination.

a. Dvndrufts

The more Important locations of severe downdrafts are over the lee
slope of the mountain ranae and on th. dovwnrind side of the rotor cloud
(FiU. 3.28). They are separated by an area of strong updrafts near the
leading edae of the roll cloud., The two main downdrafts are about 5 to
1.0 mles apart. Here, 2,000 ft/min 4ovn are rather usal Yarimeter remA-
xigs vhile in severe cases 3,000 to 5,000 ft/min have been observed,

These high values are centered around the height of the oountain crests.
Very few airplanes can match such downdrafts with full power. Any length
of time spent in the wide downdraft areas will inevitably brian the aircraft
&omu into the layer of severe turbulence (See b.) and into close yrovxilty
to the mountains. Thin in especially true if airspee& is kept constant.

Things are not less critical if the pilot tries to ruain on the
assigned flight level or if the aircraft is on altitude controlled auto-
pilot. Fig. 6.13 Gbovs an attempt of the Jet Strom Project's 3-29 to
traverse the powerful mountain w•ve of 1 April 1955 at 20,000 ft (,6,n)
aaeinst beadwinds. Intentionally, the pilot, Capt. Dovd, did not chang
throttle settings and the a.wopilot corrected automatically for loss of
altitude by change of attitude. As a consequence, the aircraft lost speed
at a dangerous rate and approached stalling. This occ,,rred in the very
mooth itave flov vhitre such happenings Oy go unnoticed. Actually, the
autopilot was not able to keep altitude constant and over 500 feet vere
lost in 2 minutes. Any further loss of altitude could have brought the
slowly-flying aircraft into the turbulent rotor zone Uthre a flight vith
marginal airspeed tay become critical. In this particular case the total
variation of true airspeed amounted to about 120 knots, part of wich is.
bove'er, due to a rapid variation in horizontal vind speed (See C.).
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*.Turbulence

Chpter 10 has dealt vith this matter from a meteoroloGical stand-
, cnt. From a pilot's outloo]k it is iVOortat to realize that this type of
clear •ir turbulence compares vith the most severe in-cloud-tixrbulence
6nCour :ered in thunderstorms.

At the present time, the specific characteristics of air fle and
L.5nop lc weataier situation causinr heavy turbalence are not %roll enough
,inder itood to permit reliable forecasts. As a consequence, the pilot must
be at we of Imending danger :n every strong moutain imve. He has to folla.r
certu.n rules vhich vill be discussed at the end of this chApter.

As described in the foregoing chapter there may be tvo distinct layers
of t .rbulence dovnvind of a mountain range under wave conditions. With rare
exzcptions, the lovwer one Is alys present in a more or less dangerous form,
res. aing frow thie' round to above the mountain crest level. An aircraft
fly 2S (according to present cafety rules) at 2,000 feet above mountain
top vill, in the majority of case:, run into this turbulence zone at soe
poi t since the top of the rotor flov exceeds the height of the mountain range
coo bidarably. The encounter irith tAis turbulence 1: quite sudden, after
m )th flight, and If passenCers liave not fastened ieat belts in time, there
w4 be injuries aboard.

Besides this discomfort to crc? and passer.aers, control of the air-
ci 4ft in instrument flight is quite difficult and, in severe cases, lopos-
sa •le. Even structural failure joy result as indicated by the accident
de icribed in the foregoing chapter. Vertical and horizontal Cysts may com-
b. a in such a way as to cause G loa.s beyond the ultimate load factor This
Ii especially true if a high speed aircraft flies -'tth tail vind into the
y 11 cloud. The cases of excessive turbulence are rare and can be identified
a, the present time only from direct observations at the Larticulwr locality.

Some of the visible characteristics are described in the foregoing
c apter. The most impiressive of these is a very hi2h top of the stationary
roll cloud (cumulus, cmulus congestus or fractocuwmlus, In contrast to the
ramooth uper lentitugr clouds). If this cloud cannot be cleared no ettemt
Ah&ld be made to crams the moutain range at this specific point. Some MLr
Limasters have been definitely Identified vith an attempt of the pilot to
-ontinue flight through marked roll clouds at Insufficient height. Mw saf-
eat fliGht level from a viewpoint of turbulence is about 25,000 feet. It
should be realized that even mountain ranges of less than 5,000 ft height my
cause a dngerous degree of turbulence.

A so-called "dry veve" vhich does not give warnings by visible claud
featares may be almst as critical as the "obscured wave" vhich is hidden
In a deep overcast possibly containina precipitation and icinG.

The unor level of turbulence is in all probability connected vith the
existence o•" Jet stremi over mountainous terrain. As described in the
fore•oIng section, this type of turbulence may, in rare cases, be of destruc-
tive force, reaching vertical and horizontal gasts of 4,000 ft/ Ann. (See
FI. 10.1) Flights across extended moutain ranges close to the jet streen
core and the tropopause (that is, uetwen 30,000 and 45,000 ft) have a
certain chance to encounter heavy cleaw air turbulence. The usual high
level turbulence is smetimes caqpared to cobblestom drivina; this specific
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turbulence "feels" different, naly, lik~e riding cc poverful eddies of
a mile In diameter.* Not enough observations exist to establish reliable
criter;.& for this phenomenon which, bonisver,, In relatively rare con-
pared to the aforu.mentioted lov level turbulence. A,-in a flilat level
around 25,000 feet Is recomeunded.

c. 1=&oca varilationis of qpper level winds.

Strong, but gradual changes of wind directions end speed have been
observed over horizontal distances of 10 ailas or less. Theyr mW be due
to a vertical variation of the wave pattern, or to lateral Irregular-
tites of the mountain range. There is also indication from glider flight3

tbat a jet-like increuse of vind velocity occurs at certain levels lee'uard
of vmmutain ranges. The implications for aviation are obvious:

1. Position errors ;my foflou' from the erroneous use of the last
wind determination.

2. Prolouged staZ in .diwne.raft areas due to excessive head vinds,
my cause rapid loss oll altitude.

3. The airspeed -my .Lrop to undesirable --a:4e* in vuddui3 dilai-

Position errors of the kind mentioned under (1) law* bees defimitelyr
responsible for let.-dou'ns into tamUi peak~s.

Loss of ýound speed in dovndraft areas, accordizi,, to (2), will
bring the aircraft down into 2-loIe proxiuity to the mo~untainu ran,.. If
the vave crests 'tilt up~zind uith height (this is the cm~n arrnmt)
strong vinds will coincide 'utith downdrafts.

Uwes of airspeed according to (3) -W be critical* If the aircraft
is already slowing dam to keep altitude in downdraft woea (see a. of
this chapter). The curves of riz;. 11.3 give a more detalemd analysis of
the airspeed variations depicted in YiU. 6.13. The aircraft apposebes
the Sierra Rvafa Armn rioht to left (see lover aross sectios) at 20,000
feet eganst hesdwInds of 50 to 60 knots. Ona passiza into the Ovals
Valley the winds A4iminish rapidly (lovest curve) to about 20 ?=Ats and turn
35 degrees towards the right (second curve tron bottow). while, the head-
wind comonent draps almst 40 knots In less than 2 millutes of flght
time,, the aircraft beains to enter dowmdrafts of over 1,000 ft/mi. (ee60=4
curve fronM top) 31OVInZrj dMMi further tbrou,5h. the action of the mitopilot.
This comined effect of vind decrease and downdrafts causes the airspeed
to "ro over 100 knots until stalling speed is almost reached (uppe
curve). When enterinag the upiraft portion of the lee vave with over
1,500 ft/ain up, winds increase In less than one minute of flight time
by 35 krots and turn r&Pid4,, to the left. This combinatIon raises the
true airspeed about 100 Inots in one minute. Purther gain is comter-
acted by another rapid drop in head iuinds, but the total variation of
true airspeed amounts to .120 kwtas. Although the main downdraft over the
zluntain slope vith 1.,500 ft/min vertical velocy Is subgequetly entered
(second and third curvec f'roci top) the drop in airspeed Is far less tbw

"*?te &adptation of moderm aircraft to horizontal vind variations (In

contrast to vertical draf±ts) in very slow.
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before since beadwnds Increase agaiz by about 1.0 knots. Also saw altitude
reserve had ben gained In the updraft which is now sacrificed, tam miunter-
acting the lose in airspeed. In this particular case total wind variations
reached about 1.5 degrees In direction and 110 knots In speed,, which Is a
large fraction of the undisturbed wind (60 knots) at this level. The case
Is probably not unusual, but it is the first time that lee winds could be
recorded and reported in this detail. Since there Is sometimes no warning
by turbulence of the rapid changes in air flow,, only the dials on the
Instrument panel and the slowly changing noise of the engines my indicate
to a pilot that something unusual Is happening. Sudden loss of control my
easily follow froms uch a situation.

It should not go uinmntioned that a pilot crossing nounta'nous ter-
rain cannot put too much faith in the measured winds supplied to his by the
meteoro loist. It Is obvious fron= FIG. .11.1 that a ravin or pibeal released
In the mountains will give entirely different wind values depending upon
whether It crosses a given level 5 or 10 inlles farthe dounind. ftm the
mountain ranges.

d. Altimeter errors.

A awe detailed discussion of altimeter orraos in air flov over
mountaint is found in Chapter 9. As chown there, earlier claims that alti-
meter errors my reach 1,000 to 2,000 feet In certain sections of the
moutain wave have not been confirmed by this project's5 fliashts. However,,
It must be realized that In the maxiwm updraft area where gliders spend most
of their flight time, d~yramic pressure deviations are expected to be at a
minimam.

It should be quite clear to the pilot that the Isnormal is D'.value
(difference between true altitude and the pressure altitude bilch Is In-
dicated by the altisieter, based on the standard atmosphere) Is not a special-
ty of the ~mantina but a temerature effect of the air moon in which he Is
flying and that In wInterly weather his altimeter Is gimeraly indicating
higher then the aircraft is flying. For lack of coarison this my not
occur to his until he Is faced with a nowtain peek of a given atituasd.
This Is not the type of altimeter "error" uander discussion. It is coma
knowledge that our altimeters aire measuring pressuare, not altitude.

It Is the local deviation from this "niormal" D-value which my be
termed "altimeter error" &we to a mountain wave. As discussed In Chapter 9,,
this pressure disturbance Is composed of static and dynamic comonets; the
first beino duze to the complicated towirature field of the wave pattern
thro~zgout the atmophere, the other due to Inertia forces such as centrifu-
gal forces on a curved streamline. Both comonents tend to compensate eaich
other MAn the total altimeter error in a mountain veve does not aom to
exceed the order of several hundred feet. this has to be added (or subtract-
ed according to the sip) to the "normal" seasonal D-value and mW, in
exctrame cases, reach a maulsra. total of 1,000 feet, the major part of which
is probably not duze to the lot wav but to the air usse temerature.

As the nountain vave is a winterly phenomeown,, therc is a normal
tendency of the "seaso ual" and the "noazantain error" to coincide. This my
become sinvhatt critic-. ii:7 the aircraft has been forced dowrn In a strong
downdraft. If vicibi-ity is restricted,, the pilot should always allow fmr
1,000 feet total deviation from his alt~aeter readinvZ when crossing a



mountain range in winterly weather with high vinda.

ilevertheless the altlneter error over mountains appears to have
been soiehat over-estimated. With vertical air motions of several
thousand feet per minute present, a sudden loss or altitude in severe dovn-
drafts vill generally far outweigh the error in altimeter readings.

e. Combinatiozof hazards in a rxxntain wvc.

It has alrea4 been pointed out In the foregoinr paragraphs that
certain combinations of the listed hazards can become qrate critical. A
very typical combination is the follovliV:

Due to an upvlnd tilt of the waves, streamlines are pached oan the
downwind side of the waves. This increases not only the downdraft velocity
of the air, brt also the fl`±bt tlLw spent In the downdraft area during
a hecadind flight. The airc;-aft vill cotinue to lose altitude. Attepts
of the pilot to climb vith flull power vIll slou down the aircraft furthtr
and trap it in the downcurrcnt. In a Watter of a minute or two the plane
my descend into the lov level rotor zone where it encomuters excessive
turbulence with insufficlent reserve speed. loss of control my follo
precisely at the mnoert hean it is most needed; nely-, di.ing flight
at mountain crest level. The situation is agravated by unreliable
altimeter readings and a collision vith the mountain may become unavoi&-
able if visibility is restricted.

There are rnmny other dangerous co bine-tions conceivable which ma-
have caused air disasters in the past, especsAll- if the aircraft -ws In
instrument flight.

f. Lagested rules for flying the wave.

Its long as the unsatisfactory serety rules on rtnimm heiaht over
mountains are not chaneed, the responsibillty rests vith the meteorologist
and the pilot himself. Although the present safety argin of 2,OOC feet
my be lost in less than one minute, a general change of mininm beights
A Wnot been adopted thus far as it wold elzainAte uost non-pressurizeO

aircraft frou flying over the Rocky Mountains. tnder these circuustances,
the pilot should observe certain flight rules after having been proper
briefed by the meteoroloGist that moUntan mave zonditionr nay be euiected.
Few pilots are avare of the fact that, In vinter, this Is the case in
one out of four days.

The folloving ten rules are suaested as a guide:

1. If it is not feasible to fly around an area of obvious wave
activity, cross the mountain r=Ge at about 25,000 feet or at a level which
is at least 5O% hiaher than she height of the mountain ranae above the
surrounding terrain.

2. Avoid all fliahts in the turbulent rotor cloud (also called
"roll cloud").

3. Do not enter the "cap cloud" over the mountain crest vwth its
severe doundrafts.



4. Do not fly high-speed aircraft into the rave below 20,000 feet;
particularly, do not fly dounvind.

5. Do not penetrate a strong mountan wave on instruen?. flight.

6. If you are trapped ina severe 4owndran, change course quickl•y
to a tailirlnd directtion.

7. A•low for 1,000 ft total error in altimeter readings near mo•s-
tain peaks.

8. If flying above 30,000 ft, avoid levels vith ragged edges of
lenticular clouds; they may be indications of severe hiGh level turbulence.
Avoid them by chanGina height.

9. If flying against headwinds, use updraft areas (es.necially the
one upwind of the rotor cloud) as an aid in gain"ng altitude reserve to
pWs through the next dovndraft area.

10. Cross a poverful wmumtain vwve at right angles to the mountain
range in order to keep flight t.Lie ix downdrafts to a minim=.
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12. TH3CM OF 5Th2IIMY AIR FUN OVE A INMTA3I

Introduction. In the final report of the Sierra Wave Project E17]
a orief hiotorical accow-t va.; given of the drvLopment of the mathmatical
theory for the flay of an air current across a mountaln range, lUcludind
the contributions which were made une the sponsorship of the project.
In this chapter m of the salient features of the theory will be reviewed,
and the results will be con red vith the observed flow patterns over the
Sierras.

Ntst of the existing theory Wa been derived under the asmmptioc
that second order turns in the governing equations can be ignored so the
problem can be investigated with sufficient accuracy vith linearized
equations. It is generally agrftd that this approximation is reasonably
good (except perbs in the Imediate vicinity of the nountain) If the
effective width of the zmuntain is much larger then its height, which
Is usually the case in nature.

It is further assumed that non-isentropic processes (radiation,
condensation, turbulent mixing, and molecular dissipat' on) can be Ignored.
The air Is considered a perfect gas of uniform ccmposition wvose physical
changes obey the adiabatic lay. Apart from the condensation there a;pears
to be reasonable justification for these approximations. Hoever, the
cross-mountain flow Is usually accoManied by typical cloutd formtions.
It vould be very difficult to Incorporate this condensation process In
the theory, sad It has therefore been left out of the theory so far.

In the flxw over very vide continental mountain systems vhich it
takes the air a day or more to cross, the rotation of the earth becomes
one of the ominant factors in the dpwisics of the flow. Te stremlines
have large horizontal defelctions on the lee side of the mountain range.
Nmevr-, If the mountain Is only modertely wide like the Sierra range,
the air will cross It In a few hours. ?be d•nm•c effect of the earth's
rotation Is then uimportant and my be iipored altogether. Within thMs
approxiamtlon the flow is two-dimensional In vertical planes pmpemdicular
to the mountain.

The lineariued theory with the above appoximtions is reviewed
in the first section belov. The ellznation process leading to the basic
wave equation (13) Is given in some detail. This Is included since the
various investigators have derived the eamtion with different and not
altogether systmsatl, additional spyroxlmatbons based on nmua•rical estisates
of atsp•erlc values of the physical parameters in the undisturbed flow.
The coplete wve equation (13) cannot be solved with present mthmatical
knowledge. It is therefore necessary to consitdi simplIfIed atmospheric
models which restble observed conditions. The rest of the chapter re-
views the theory of sme of these models, and compares the flow predicted
by thea with observed flov patterns. It is show that the anrement is
rather good In the most recent models.

-- - r. i -9in ni .I 4 e f.~ ---* --.- ----.-.- --- -.~



1.* Statioary flov of a stratified ,,s, be ccurrent ova mil

(witb the mountain absent) the eir flow steadily in the fixed horizontalampltude tvo-dlan~sional zwuntin profile9. - In th, basic wudi~sturbe state

direction of the unit vector I (the x-axis) with a velocity U which has
an arbitrary variation along the vertical U a U(z). The mass distribution
in this undisturbed current is •ydrostatic vith arbitrary stratification,
that Is, the specific volume ais an arbitrary fwmetion of height, I
a - a (z). The stratification is conveniently described by the relative

vertical gradient of specific volume

The physical changes of the air (in the disturbed flov) are pre-
scribed to obe~y the adiabatic lay, which my be written in the differerti.
form

(2) (eNsity) a b 'P (pressure).Dt Dt

The parmeter b is the coefic-ent of pietzotropy. For adiabatic changes
b Is the inverse square of the speed of sound. Its value is obtained from
the eq.:tion of state

by individual time difi-rentiation, vhich for adiabatic changes Gives

lEQ 1DP 1 _

and hence, by ccq srison Vith (2)
1 1 1

(3) b I

The vertical stability of the current is determined by the Zrwdent of the
potential temperature 0, obtained by differentiation along the vertical of
the equation of state for the undisturbed fields. 2tus, using the hydro-
static equation we get

d apd1 alp

and hence

d n 1n In a- bg a -bg % .

In this sten we introduce a mall m1±tude two-dimasional
perturbation In the vertical zx-planes,

(5) v(x,) u(,z) + v(Xz)k,

and explore under what conditions, if any, the resultant otion is steady.
Let the corresponding mall local departures of pressure and mase be
denoted by a bar over the respective symbols, so the resultant fields are



p(s) + P(xZ) ; a(&), +(x.,).

It the resultant motion is steady, the Individual tUe derivative Is the
convective change

D (Us, + U + .

so the equation of pietzotropy (2) becomes

a + v-.V)(a+) . b(a+&)2 l a + v)l+p).

or, vhen second order terms are ignored,

-aa+ baS) -* d- b do. - av(s..bg) . cuiv.

Let C denote the vertical displa~cuent of the particle from its equilibrium

level, vrite v - I , and integrate vith respect to x. Vre then get the
physical equation in its most convenient form

(6) -a/a - ba + Co.

The dynaa•C equation of the resultant disturbed motion is

(u0 +V-)( , +V) + (a.V))(pD)

The terms a!pu. cancel due to the hydrostatic balance of the undisturbed
flov so, vhen second order terms are ignored, ve get

U x + U'vI. + (a/a), . - . -v( RM.) e .

Here partial differentiation on the perturbation velocity is denoted by
subscript, and the total differentiation vith resp•ect to he t on the
purameters of the basic undisturbed flov by accent. The last term on the
right my be vritten Rc a ap (ln a) - cQsjj. Substitute further for
Ti/a from (6). The dynamic equation then becomes

(7) 1ý-x + u'v. + a (gC-apý)w -! (CI).

or, vhen the local pressure departure is eliminated by Zx differentiation,

u(•)x.+ U x,+ V(U'v)i + a(g% + W + u'w) x . o.

All the vectors here are perpendicular to the xz-plane so, takift their
scalar values, ve have the corresponding scalar equation

U(uz-,x)x + u'U+ + (OJ'W)• - a(gcx + UuX + U'v) - 0

Divide by U, change sign, and substitute 1UI-v/&, thus



(8) V - U= + (a - - U)"z+ (0÷ + -U U-.)v 0.

From this equation -Ax My be elizmnatod with the aid of the equation uf
continuity,

V.., - -(a=i) - (p40),

- - Dt

which, combined with the equation of pietzotropy (2), becmoe
4. vz . -b(44&)(Ua, .v_)(j + p),

or, v•he second order terms are ignored,
U1. +. -vWO(••) - bw.k

The local pressure departure may be elmIinated vith the aid of the boriamital

component of the dymamic equation (7), so ye get

u. + 2 -z bU(LUux + U'v) + b~v.

Introdace the non-dimenzional pwriteter

(9) -. 1_- 2 . l-(U/C2

and ausseble terns, thus

(10) -Ik - vz - b(g4,' )v.

Nov to eliminate ux froa (8), apply the factor H, write

and then substitute for Ra. from (10). The result is

W=!1 + vz2 - b(a*W' )v, - [b(g.W')1 'v - (a - U, + !-)(v,-b(g4W' )vj
U x

-O; ff. • . O-• .0.
After rearranement this equation has the form

()= + vz A" + W " 0

vhere

Aub~aW4 U' j-+_ -. ¶' '' I'
.( + U " U') + 2 L + U)(, -R_- + .)-(b(S4W' )j'

(C. + (M + bU2 a - bW' I + U2-. b'U 2) - b(UU,)'-
U2 U
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or, since N+t 2  1,

(0. (- ,-W' -b'U
2 + bU ) + bg -

+ ( - 2bU' - b'U2 + bU - bW"

In the parentheses substitute from (9)

-0 3 reduces to- b'U2 +bU2 (H'/X) - M-I +bt9/M) NK/M,

D . (v + N'/M)1/U 2 + (s + H'/K)U'/U - UT"/u.

With these values of A and B substituted, (1.) is the differential equation
for the vertical velocity component of a small aplit'ide stationary perturba-
tion superi•osed upon the stratified current U(s), nawe4-

liv ' ), (a. + MI H U' Uf
"Ox + v55 - (s + T + [ (a + A.-- - .

The parameters a and a are the lo~arithaic vertical gradients of specific
volim and potential tewperature as defined in (1) and (4). To simplify
notations we m Instead introduce the composite gradients

(12) S . in (•H) a + "

Pu~in (ie.) ma + W

In terns of these parameters the differential equation becomes

(13) Nx+vas- Swz + A + B - U")w .

Let now the atuospheric current be bounded below by an arbitrary
sm amplitude mountain profile at the level z=O, having the form
C=C(z1. A stationary flow over the mountain must then satisfy the differ-
ential equation (13), the boundary condition at the gound

,(,.O) - Uob ,/AX,

and the upper condition that the kinetic energy is finite at great heights.
The problem of findin this flow is solved by representing the mountain
profile ua a Fourier integral of sinusoidal components, each of the form
S= A(k) coo kx, where k denotes the wave number. Since the differential
equation (13) is linear, the solution may be represented similarly by an
integral, where each component elient shall satisfy the differential
equation (13) and the lover boundary condition for the corresponding sian-
usoldal ccmponent of the mountain, namely

v(suO) - - Uok A(k) sin kx.

The component solution accordingly is periodic in x at the bottom level and
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henrce --,it have the same periodicity at all beights. Therefore w
s,.stitute in (13) for the camonent solution

(14) W . Vji d W(:) gin IX,

where the factor iW7/HoCo is included to eliminate the vt. tem. The
subscript o denctes the values at the ground. Prom (lit), ustng (12), we
get

Nvxx/v NO

- s /v. - s(1s + 80)

v,,/,, . (e + Q. /l) 2 (+ 4 ,i.),

and hence

(MV ÷ + V5  - S)/v. W"/ - s2 + , - ,SE2.

.1hen this is substituted in (13), we see that the anpltude function u(s)
of the component solution v with the wave nm2er k must satisfy the dif-
ferential equation

(15) =': .+ [E (g) _ Nk2]0 . o

with

(16) F,(z) . pg/ij 2 + S,/U -_ s2 + -s, u-Aj,

p (in me)',; S (In N)O; . 1 - (U/c) 2 ,

and the lover boundary condition

-(suO) - - Uok A(k).

The general solution of (15) has the form

O(z) - CP1h(z) + C?2(t).

where 6)1 and 02 are to) linearly independent solutions and Cl and C2 ae
arbitrary constants to be determined by the upper and lower boundary
conditions. If the upper boundary condition is a]nlied, ome of tbeae
constants m- be eliminated, and the solution may be written

c(z) - C3a3(z),

where I3 Is a linear combination of W_ and w2 which remains finite at preat
heights. The constant C3 is determined by the lover boundary condition, so

6(z) - - Uok A(k) ,3(z)/,•3(0).

If we return to (I4), the vertical velocity of the coonent solution
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has the form

(17) W v(z). - vQ 7M ok A(k) w3(z)/w3(O) sin kx.

The motion which Is stationary relative to an arbitrary mountain is
obtained by integrating the coponent solutions (17) over all wave numbers
k In the spectrum of the mountain profile. We then see at once that the
character of the resultant notion will be decisively affected by whether or
not he component solution *3(z) ba a zero at the mountain level for any
value of k. If w (O) Is not zero for any value of k, the integral is regular
over the entire ajectrum, and the stationary flo over the mountain will in
this case have the character of a deformation of the streamlines which more
or less reflects the shape of the mountain profile below. It on the other
hand the component solution wj(z) has a zero at the mountain level for a
certain value of k, this wwan that a stationary free wave with this wave
nmer can exist in the current over level ground. The Untegral will then
have a singularity for this wave number and the main contribution to the
Integral comes from the mall spectral group centered at this wave number.
This contribution will have the character of a sine wave with the wave length
of a free resonance wave vhich extends downstream from the mountain crest, so
there is a mountain lee vave.

It shold be noted that the problem as formulated here as a stationary
f1w over the mountain profile has no unique solution if a free wave exists.
The physical rason for this In obvious. For suppose that we have found one
stationary solution by the method just outlined. We can then find another
as the resultant of this solution and the free wave with arbitrary amplitude
and phase. Hathetically this atbi ity Is reflected by the fact that the
intevra of the component solutions (li) is divergent at the sIngularit
unless the integration through the singularity is speclfied. Kelvin [ 1) and
Rayleigh (2], who first investiGated surface lee-waves mathematically, cir-
cumvented this abiguity by different wqedients. Kelvin defines the in-
tegration through the singularity by taking the principal value of the
Integral, which results in a solution which io syntrile relative to the
mountain crest consisting of sine waves In opposite phase upstream and down-
stream separated by a central fringe. Bes then aWa a free wave in opposite
phase to the uptream wave and Interprets the resulting lee-vave solution
as the correct one. Rayleigh avoids the singularity by Introducing a emall
artificial friction proportional to the velocity. This method gives the same
lee-wave solution as Kelvin's method when in the end result the coefficient
of friction approaches zero. Lyra (3] and QWeney ([), who investigated lee
waves in a simple atmospheric model which will be described in the next sec-
tion, adopted both of the above methods In their derivation of the lee-waves.

ebiland (5) pointed out that the mbigaity disappears and the solution
becomes unique if the problee Is formalAted s an initial vailue problem, and
he proved this for surface waves. lArtele (6] and PeUa (7] irdependently ax-
tended the proof to the Lyra-2ueney model. Minally iassen and PaI (8
showed that the stationary solution becomes unique if the additional requirt-
ment Is Introduced that the mountain is the only saurce of anergy. These
results have put the mathematical theory of lee-waves on a sound foundation.
In the models which have been investigated, if the flow over the mountain
1. started from Initial rest and quickly attains a constat meon value U,
the notion as a whole approaches asymptottcally a steak state with a lee-
wave extendin downstrom from the mountain if a free wave exists. The flow
pattern of this asymptotic state Is itsntical3y the arms as in the stationary
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solution derived by Kelvin's and •ayleigh's aethed. It reasomnble at-
maospherie values of the various pameters in the "loams we used, the
time reqired for the action to attain approumately Its pumanast value
near the mountain is of the order of a fey hors.

The mathmatical labor is much more formidable in the Initial value
approach than in the steady state fomulation of the lee-wave problm.
Therefore, unless we are concerned with transient changes of the flow
pattern which are associated with time variatiqms of the basic flow, the
steady state approach as outlined above, with Kelvin's method to attain
uniqueness, represents the simlest athetical proceduwe fo the
deri7ation of the mountain lee-waves. The proble Is then to
find the solutlons 64z) of the basic muntain-ve eqmation (15) for all
vames of the veie mober k, and than evaluate the Pburier Integral of

the corresponding ccWpnent 3oLutioUs in (17). If the stratification
and showr of the basic flow are arbitrary functions of height, the cor-

responding function ?(a) In (16) Is also an arbitrary function of height
and no method Is available to find the solutions of (15) ir this generl
case. However, in recent yewrs several investigators have derived solu-

tiWns which reflect many of the charscteristic features of observed
maountain lee-waves by considering special simplified atospheric models
for which P is either a constant or a simple function of height. In the
following the theory of soe of these model will be briefly revie•w.

2. Model with constant stab lAt- acd constant Vind. (The Lyra-
Qeeey .atmodetlca) siqhlast atmospherlc model is an Iso-
thermal cur-ent with no shear Ln the basic flow. The speed of sound (or
the coefficient of pietzotropy) Is then independen of height and hence
the parameter N In (9) is a constant. In terms of the te•stUre
gadient, y - - 4T/dz, the gadients of specific volame and potential
teperature are

3-d In G. (- / -)/T.
dz

a ua d in 9a Gp )T

lor an isot1heal amoshere -PO so both these we constant. 2e funtioa

F(z) in (16) therefore re~aces; to a constant, namely

(19) . -qU2 -_t 2 .k 2 .

The wind speed in atospheric flovs 1i usually an order less than the
speed of sound, so no preat erroc Is sde by replacing R by unity In the
last tuno in the wave equatlon (15). This aSppraoation is of cou"H at no
neceesary since X is a constant and hence m-a be absorbed In the definition
of k4. The wave equation for the isotherual current with no shoar is
therefore

(20) (k2 - - 0,

where Is the constant Lu (19).

The Isothermal atmosphere has a much greater stability than the

4P, - - .
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values actually observed in the troposphere. Hmoer, the equation (20)
is approximately applicable to any atmosphere with a constant lapse rate
of temperature when the appropriate mean values og the parLaeters a and

I in (18) are su'stituted in the expression for k'. Typical mtan aropo-
spheric valuep, Y * 0.0060m-1 and I - 2500 K give s a 1.2 x 10 t-,
a w 1.6 x 10"> m"l. If the flow has the speed U a 20 ms1, the critical
wave number Is ks a 0.6 kW", and hence the critical wave length (see
belov) is about 10 kIn. The critical irve lerZgth Increases viti Licreasing
wind speed and decreasing stability, but 10 kI appears to be a reasonable
average atmospheric value. t2t. that the tam 1s3 in (19) is less than
one per cent of the term aJU' for the usual values of the wind speed ar.
my for practical purposes be ignored.

The free-wave solutions of (20), for which u is zero at the round,
are

Sa sinh Vg 's z ; k > ks

(21)
w a sin (Qý-k2z; k < ks

The short wave solutions, k > ks, approach infinity at great heights, to
these must be rejected. However, the long wave solutions are physically
possible free waves for every wave number k < ks. They are internal gravity
waves vith eruidistant horizontal nodal planes separated by the vertical half
wave lenath jH, given by

He(k. - ,.2) - f,2.

Substituting here k . 2w/L and k - 2•vL, we get tbe follovin, relation
between the vertical and horizontal wave length

(22) (L_)2 . 2+LeLa - e

which leads to a simple physical interpretation of the se supercritical
internal gravity waves. Since they are stationary waves, they are all
propagated against the current irith the same constant phase velocity U.
Superposition of two such waves with equal wave length and amplitude prop-
agating in opposite directions results in standing oscillatio.ns relative to
the fluid in rectangular cells with vertical and horizont,•l side-lengths ill
and JL. The period of these oscillations is

T - I/U.

As the wave length is made shorter, the period decreases until In the limit
as L - L. the period approaches the mini•ma value, obtained from (19),
namely

Ts . LB/U . 27A'y

when the small term As 2 is ignored. Comparing these with (22) we see that

T , L a D a cos ,
T5 L6 H



vriere J %C+H- is Lae 1iiCo.al of the cell, and 9 is the slope =ngl2
of the dagonal. Long and shallow cells oscillate slowly, short and
deep cells rapidly, vhich is just what should be expected. The shortest

* cell compatible with the given phase veloc'tv U b.& the horisO-ttal wave
lcn.-ta Lt, and hence H - D = -. T•he oscilaTi'.O see here strictl7
vertical and the period is the yell known liadtfng period of vertical grL
oscillations.

It is then quite evident that the subcritical raves shoEter tha.
L. cannot have a phase velocity as large ar U and hence cannot appear as
stationary free waves. Vat all the supercritical waves longer than L1
are possible free waves and will appear as lee wave& behind the muntain
in the resultant flow pattern. These vaves will interfere and cancel
soae distance dovnstrmn fro the nountaln crest, and the resultant flay
will be non-periodic.

Queney (9] has worked out the details for a syu.etric mountain
range with the profile

(23) C hml + (x/&)2 r' - ha exp(-ak) cos kz dk,

where h is the height of the crest and a is a -easure of the width of th
mountain. The Faarier cmponents of this profile have the anltudes
A(k) - ha exp(-ak), and It is therefore evident that only cmoents who
wavelengths are c arable to the width 3f the mountain (2m&) contribute
appreciably to the resultant profile. Therefore only these mouatain
ccmponents will excite appreciable wave components in the resultant
stationary flov over the untain. The general aspects of the flMm
pattern are determined largely by the vidth of the mountain (2wa) as
compared to the critical wave length of the curret. The simplest flow
patterns occur when the mountain is either mach narrower or mch vidr

* than the critical wave length.

(I) If the mxotain Is much narro than the critical wave lean
the "active" mountaiu cponents have wave numbers kbks. Mhe solutions
of (20) for these compouents are approuimte-ly w ep(-kt), and the
corresponding wave comoccnts (17) are

v~~~~ -/_TcZ aep(-ki) exp(-kz) sin kx.

The vertical displaceaents i of these ewoneats, since v = LC/ax, are

; a r d a ex~p(-k~a-kz) cos kz,

and hence the vertical displacements in the resultant flow are approx-
laately

=V~~hf -ek(&+z) cr ~ x=VI ~)l*( )]Vra7 _aO~ ~ ~ ~ ~ ~ -a1ec s l c d - x 4 a. ( ' X
Ou ~a+z &+z

All the streamlines habý symetric defosimtions which reflect the shape
of the mountain'profile below, and the crest line coincides with the
vertical of the •moutain crest. Since the critical wave length is of
the order of 10 ka, this solution applies to narrov hills whose width Is
about I ka or less.
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(ii) If the mountain in much wider than the critical wave length
(2va>>L3), the active mortain ccmponents have wave nubersk~4 5 , and the
solutiont of (20) for these components are approximately
w coo (or sin) koz. The corresponding wave componants in (17) are

W a - Vc7,1; U ha exip(-ka) sin (kx t h 5 :),,

or in ter.ms of the vertical displacaments

t. - ha exp(-ka) cos (kx t ksz).

Th? solutions with the negative sign represent waves which transport the
energy downward toward the motutain and must be rejected to attain unique-
ness. The vertical displacements of the resultant flow are therefore ap-
proximately

a

V* - ha Jo wxp(-ka) cos (hi + ksz)dk

,Wt bi (coo koz sin k~z)(l +

This solution Is periodic along the vertical with the vertical "wave length"
La. It Is nonperiodic in the horizontal direction but has a characteristic
asymmetry relative to the mountain as my be seeo In figure 12.1 (reproduced
from Qpeney's pasper) which shows the flow pattern over a mountain whose
width tv2a) is 10 critical wave lengths. At low levels the streamlines have
a pronounced crest 1mediately upwind from the mountain crest and a veak
trough an the lee-side of the mountain. Higher up the upwind crest becomes
reeker and the lee trough more intense, while both are praftally shifted
backwards against the wind. At the level one quarter of the critical wave
length above the pound the crest and trough have equal streonths end are
located symetrically relative to the mountain crest above the points where
the mountain has the steepest slope. At the level of one half the critical
wave length above the ground the urvind crest has disappeared, the trough
has msximim strenth and has been shifted back to the mountain crest. The
streamline is bare an inverted Image of the muntain profile. The same
trend is repeated In the next half wave length lamer with the trough on the
upwind side and the crest on the lee side of the mountain. At the elevation
of a full critical wave length the trough has disappeared far upvi
the streamline Is identical to the mountain profile. (The factor Vin
the atresaline iamplitude,, Vhch 1increases uniformly with height, has been
ignored in figure 12.1.) This theoretical model should apply to relatively
broad mountain ranges (50 to 100 Ic wide), and it does In fact sh some of
the characteristic features which are observed In cross-mantain flov over
such ranges as the Sierras and the Alps. The speed of the flow y be
judged in the diapam from the width of the streamline channels, and since
the flow Is assumed adiabatic, the streamlines are also lines of constant
potential temperature. The model has strong vwarn davslope winds (foehn)
at low levels betsen the mountain crest and the lee-side trough, and mach
weaker cold upslope winds on the upwind side of the mountain crest. This
is in complete areement with the observed conditions in a typical Alpine
foehn situation 3 October 19• 1 described by Hiunikes 110] and further dis-
cussed by BDjrknee (l11. In the Sierras the strong foehn wind dovn the
lee slope of the nountan Is usually very pronounced, as may be judged from
typical situations 30 January 1952 (fIgure 3. 22) and 16 February (0.28).
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The clouds, vnl2h A.4u on che ujprinl side and cover the divide ax a - se.rse
vall, dissolve in a characteristic "cloud-vater fall' along the lee
slope of the mountain. The obcerved flov over the Sierras also usually
shows a backwaird tilt of tVe Iee-side tro ' , - t 1, r le--els ne.ar the
mountain creGt. But hi,;,er up thf- observed ti-t seci-s to be vex-
slight, certainly such =aller thaa in Qgeut-e' s theoretical model.
The model fails to predict the lee-•aves which are observed downwind
from the Sierra crest. Neither is the iertical periodicity in the model
borne out by observations.

(iii) If the vidth of the nountain is about the some as the
critical wave lenCth, the active Laountain components will excite both
subcritical wave ccpponents of the type in model (i) Awose amplitude de-
creases exponenti"lly with height, Lnd supercritical coomponents of the
type in model (ii) which can exist as stationary free waves in the current.
The correspoandir.- ourier intepal is then not qraite so simle as in the
earlier models, but still it my be evaluated by fftwdard methods. The
result of the computation for a mountain which has exactly the wilth of
the critical wave length (2a = Ls) is shown in fi,,ure 12.2 which is re-
produced from Queney's paper. The flow pattern sacws some siuilarity to
the vide-mountain model in figure 12.1, but also Some sigifIcnt eif-
ferereces. The entLie dieturbee" part of the f..ov has been shifted down-
wind toward the lee-side of the rountain mid contains a fairly well
developed system of lee-vaves with a wave lerngth a little longer than the
critical wave learth. This is just what sbadd be expected: the nain
contribution cones from the free super-criticel resonance waves with those
close to the critical wave length predominant. These wave camponents are
in phase near the mountain, but increasing•Ly out of phase downstream. So
already the second resultant wave downstream frm the mouutain has a mzch
smaller amplitude than the first. Similarly to the wide-nountain model
in figure 12.1, the lee-wave trough has a strong back-rard tilt extending
obliquely upward against the wind, and the wale wave system has the
same tilt. The strongest doinslope foehn winds are located some distnce
above the round In this Uodel. In the 3ierras the strongest winds are
usually found i'ediatey above the ground on the lee slope. This dis-
crepancy "ay be due to the lack of symmetry in the Sierra profile. A
mountain which has some similarity to the Sierra profile is obtained by
solidifying the streamline vhose mean elevation is one quarter of the
critical wave length. The flow over this profile, as copied from
figure 12.2, Is shown in figure 12.3. The Sierra profile is shown In
the lower part of the fiGure. This model agrees rather vell in the
lover layers with the observed flov patterns on January 31 and February
16, 1952 (figures 3.22 and 3.28). The strong foehn winds are located
immediately above the ground on the lee slope. The isentropes are
closely packed, indicating a stable layer, imediately above the mountain
crest. But the structure of the observed lee-wave system at higher level
is quite different from the model in fiaure 12.3. The observed lee-vaves
usually have uaxisnm amplitude at low levels. They have very sal if any
tilt with height, and they are repeated downstream without appreciable
change in amplitude.

It is evident therefore that the theoretical model needs modifica-
tion in order to account for the distinct lee-waves vw.ch are observed.
Effective alterations of the model, leading to distinct resonance waves,
have been proposed by several investigators.
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3.* Tvo-la2er model with constant F-wtrameter ih each layer.

(scorers model). If we return to tVhe comlete wave equation in (15), with
the value of the F-parameter specified in 116), it it immediately evident
that several simpliflcations can be made without chansinG the ersentials if
we consider the normally occurring values of wind and stratification in the
atmosphere. The wind is usually much smaller than the speed of sound, so
no great error is introduced if we replace H by unity and hence the com-
posite gradients •,S by the simple gradients a, s. It i!As already been
pointed out that o rarely exceeds one per cent of ci•/92. Under normal
conditions the terms mU' I/U and s I are also much amsler than ag/U2. If all
these terms are ispored the wave equation reduces to

(24) w" + [F(z) - k2]w . 0

with

(25) F(z) - a3/U2 - U"/U.

A1l the models which lave been studied so far are derived by considering
this simplified version of the wave equation. The models are specified by
choosing vertical distributions of temperature and wind similar to observed
condition, but at the same tine such that the function F in (25) becomes
as simple as possible.

Scorer (12] has proposed a simple two-layer model irith constant
values of F within each layer, cee figure 12.4 reprodhuced from Scorer's
paper. The numerical values below are those of the numerical example in
the figure. The upper unbounded layer has a constant strVg wind
(Us - 15 ms'') and a constant iveak stability (Y. - 80 kinL). So the
parameter F has here a relatively small coast-ant value

Fs d~U2 ,k2; (Le-W 11ka).

The lower layer consists of two layers, both havinC the same constant value
of F which is larger than the upper layer value. 1ynamically these two
layers act as one layer. The bottom lay•r has a constant weak wind
(Uo - 10 as-l) and a constant stability greater than the upper layer
(yo - 4C i) so F has here the constant larger value

F "oZU - k 4 ).

The central layer has a constant stability and a wind profile which is a
smooth continuation of the winds above and below, increasing continuously
from the value UO at the bottom to Us at the top in such a way that the
F-parameter has the constant value F. of the bottom layer. This velocity
profile uaay be evaluated numerically by proper adjustment of the depth of
the layer. The profile has a point of inflectign, U" - 0, somewhere in
the middle of the layer, and here oa/U9 U -ogUo. Since 11U 0 it follows
that the central la3yer has greater stability than the bottom layer
(Y l 10 -l).

The wave equation (25) respectively in the upper and lower layer
of this model has the forms
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Upper layer: + (k2s-k 2 )._- 0,

Lover layer: u" + (k -k2 )- a 0.

If the lover layer is sufficiently deep, this model has a distinct
statio ary free wave over level ro'.md with a wave length Lr somevwhre
in the interval LO,<Lr<.. A.1 waves in this interval are subcritical
(k>ks) in tihe upper layer ard rupercritical (k-co) in the lover layer.
With the origin at the interface, the solution of (24) in the tvo
layers which is contirnuous at the interface is tLerefore

Upper layer: Q - exp(-)*), =

Lover layer: Q - cos P - ('/±) sin pz, 0,-

vith an arbitrer; amp2.±t.Ld. factor left out. If H denotes the depth of
the lover layer (bottom laycr + central layer), the bou.-,dry cozdition
for a free mave over level groun ins u(-H) C,, and henct-

(27) ji cot ILH -- X

The sol'ition of ý;his equation is foand graphically by plott:ng both sides
ac functio.is of k. The intersections of the grayhs, if any, determine
the wave nmbers kr of the free resonance waves. If H is too in.II there
is no intersection of the au-res and hence no free vavec. In his
numerical exwnple Scorer :.hose H a 2.7 )=. The curves have then one
intersection which deter=ines the free resona.ce wave IT a 6 km. ' 1 Ln

(27) is used, the lovw- layer solution for the free wave may be vritten

(2 ) A sin lLr(Z+H).

Since this is a smooth continuation of the exponential decrease in the
upper layer, it is evident that the lover layer must include more than a
qaarter vertical. v~veiegath of this sine curve, so lpjqiir. Prm (26)
l is l1 s than (k4-k,)U. If the depth of the lover layer is less than
lw(k'-k )4 there is no free wave in the interval k-ks.

In his numerical exple Scorer has taken a mountain with the
profile in equation (23) with a uwidth (2fa) about equal to the length of
the free vave. This sountc-in excites the correrpondin., distinct resonance
wave to about its saxinun ap!tude. It appears as a train ef lee waves
extending downstream fro the mmAutalo, starting with a lee trouh in-
mediately down wind frm the mountain crest. The lee waves have no tilt
with height. The vertical velocity aLlitude (26) increases frla zero at
the ground to a miaxlit value a little above 'be middle of the lower layer
and then decreases 4Woraly higher up. %hpaxn, as in Vfi-ure 12.1,, the
arlitude factor Val% has been ignored in figure 12.4.)

The recaining contribution to the resultant cross-mountain flow
pattern cones nainl•y from the lorg wave components IPL5 vhich are super-
critical in both layers. !!e recall thet all these supercritical waves
are possible free waves, and they appear as a continuous spect•um of lee-
waves downstream from the mountain. Their 3uplitude is independent of
height. They are in phase at the mountain and increasirClry out of phase
downstream. Their resultant contribution is quite similar to Queneys'
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wide-mountain model (figure 12.1). In the upper• r these supercritical
waye components have the phase kx*.zp with k ,, s-* Both these wave
types may be combined vith lower layer solutions which satisfy the boundary
condition at the gromiA. JP'veverp the waves with the phase kx-Oz, which
propagate obliquely upawrds throuh the axr, transport the energ downward
since the vertical goup velocity Is negative in these waves, d(Uk)/dX a

-UVk. To obtain uniqueness these plysically unrealistic waves mat be
rejected in the practical solution, just as in Quensy's model. In figure
.1 .4 Scorer has used these wave cc.nents and has rejected the waves

with the phase kxeIs which transport the energy upwards* As a consequence
his flow pattern is wrong in this respect, particularly at high levels.
If he had used the correct components, the high-level streamline crest
would lie downstream from the muntalu crest where It Is usually ob-
served.

This model represents the first successful theoretical attempt to
account for the observed lee-waves which are repeated periodically down-
stream with large amlitude at lov levels and no tilt vith height. The
model clearly exhibits the main dynamic prerequisite for such waves, that the
dnmic paraeter 7 in the wave equation has a smaller value at high levels
than at low levels. The decrease of 7 with height is primarily due to the
increase of the wind speed. We are therefore led to the simple qualitative
rule that a necessary condition for a distinct periodic lee-vave is a suf-
ficient increase of the wind speed from low to higher levels. Scorer's
model is the simplest theoretical model which satisfies this requirement.
The practical applicability of the model is limited by the fact that it
calls for a sudden decrease of the F-parameter at some Intermediate level.
Observations in the Sierra region indicate that the F-parameter usuaLly de-
creases rather uniformly with height. Models with this property have beft
discussed by WAutele [13 , Palm [1], and Zierep (15]. Zierep 's modal
appears to be less adaptable to conditios in the Sierras than the other
two, &nd will not be discussod In this report.

I.Model with constant stability and constant wind shear. (Couette
flow) - This moel wsx examined by Wurtele In 1953. It has main'y the-
oretical interest since the wind speed Increases to unrealistically larp
values at great height. However It serves as a useful introduction to
Vurtele's practical two-layer model which will be discussed in the next
section.

At the ground level this model has the ?-paremeter

F0 (ground level) -OG/U . (10 .6 ha)

If the wind speed at the ground is 10 m" 1 and the constant lWpse rate of
temprature Is 70 k10-1 , the cr'itical wave length TV is about 6 Im, as In.
dicated. It is convenient to measure the height z In this model from the
level (below the ground) where the speed would be zero If the Couette flow
were extended downward. Let h denote the depth of this reference level
below the ground. The cobatan? wind shear in the model is then U' -UObo•
the wind speed at the level z is

V a U's a in . o i

and the approximate P-perimeter in (25) Is
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(29) i(s) - osa/U2 (h 0/:) 2 . (k~h0/z) 2 .

It decreases uniformly with height from the maxlmum value k2 at the gound.
Ultimtely at very great heights it drops down ýo the same order as the
tvo terms which have been 1gnored, sU'/U and *. So the approximation
in (29) is not valid here. woever, even for extreme atmosyberlc values
of stability and shear the approximation is good well beyond the region
of practical interest.

The practical wave equation for this model is according

(30) " + [((kh/z) 2 - k2 ]0. 0.

At high levels the first team in the brackete is negligible, so here the
bounded solution approaches the asymptotic value Q-exp(-kz). The ex-
pression in the bracket changes sign at the level, z a ho(kdk), and
the solution is oscillAtory below that level. The short waves XP
have this level below the gound, so the vertical velocity Pliztue of
these subcritical wave c•cmponents is non-oscillatory all the Vey don
to the gpound, as in Q.eney's and S-orer's models. They can not appear
as etationary free waves over level ground and hence not as lee-vwves.
Hovever, the supercritical wave ccoonents k<k0 become oscillatory
above the ground and a discrete set of them, which have a zwro at the
gound level, are possible free waves and will appear as distinct lee
vares behind the wounta&n.

To find these free -ayes, substitute in (30) w J6, whieh gives

z%," + , [(kz) 2 - v2 )j - 0

with

(31) V2 (ko~)2 * kho2

This equation is satisfied by the Dessel functions of Imaginary argumnt
and Imaginary order n = iv. These Bessel functions have b4vn tabulatod
by Morgan (16], vho used the notations F, and Gv for them. fte general
solution of (30) is

(32) 0 - J[A ,,(ks) + B G.,(kz)]

where A end B are arbitrary constante, At high levels 7,(kL) - 4 exp(ka).
In order that the solution shall rtmain bounded, A a 0, so the bmfd
solution is

W z J Gv,(kz)

vhich at high levels approaches the ayoptotic value exp(-kz). 2he free
waves satisfy the boundary condition i(bo) - 0 at the pround. fTe wave
numbers of the free waves are therefore the values of k fbr the &erce of
the Bessel function G,(kho). From (31)

S- 2wh,/Lo wh 0(inkm)



if we take LO a 6 ka. For a fixed value of the surface wind speed
(Uo I 10 w-1) hO Is inversely proportional to the wind shear. fte values
usually 3bserved •n the Sierra region lie In the range 2.5 kmko<5 e. The
follou:ing table gives the wave ler4th IT. of the shortest resonance eM-es
for various values of the wAnd &be& whan the surface wind is 10 m" 'and
the lapee rate 70 "•l (It a 6 ka). The langer resonance waves correspond
to staos beyond the range of 1Wrgan's tables.

ho (k.) Tre v•ave nt (shorr than10 o) In k.

10 9.5 13 20 27 38 52 70 91

8 .10 16 25 37 55

6 12 21 36 60

1. 15 31'

3 18

2.4 23

The first column gives the shortest resonance wave vrtch hae no nodal plane
above the gpound. The second column gives the next longer resonace wave
with one nodal plane, and so on. If the vind sheew Is very strong
(ho - 2.4) the shortest resonance wave is =sch longer then the critical
wave length Lo. As the shear decreases the shortest resonance wasve coes
closer to the critical value and the nmber of resonance raves within any
given spectral interval increases. Ultimately as the shear ap-roaches smo
the shortest resonance wve In the limit becomes the critical wave w. iAth a
continu•us spectrum of supercritical resonance waves beyond this ljmit.

This model clearly exhibits the dynamic effect of the wind shear an
crosa mountain flow. The wind sher causee the continuous spectrum of
supercritical resonance waves in the IXrr-Qawe nodel to be broken up Into
a discreet set of distinct resonance waves vhich becoe me no Idely sepwated
the larg the $hear.

Consider no- a mountain which is effectively a little viaer than the
critical wave length. If the wind shear is small there are a large nmmer
of distinct lee-vaves whose wave length are comiarable to the aontain vtdth.
They are in pbse near the mountain and increasingly out of phase downstrea.
The resultant flow vill be similar to %maney's model, figure 12.2. If the
she*ar is strong there is only one or two lee-waves comparable to the vwdth
of the mountain. The shorter of the two has no nodal plane. It kw a wax-
ins amplitude at a relatively low level and decays rather rapidly highe

up. * M loner lee-wve has a nodal plane at em intermediate height and
its amplitude bs" a sloer decay beyond the second maxima above the ndal
plane. The resultant flov pattern should therefore have either oe distinct
lee-wave Or at the Sost tvo, with the shortAe dinating at loy levels anA
the larger dominating higher up. Thls Is actually what Wartele found in a
umeical exale with a very strong wind shear, ho = 2.5.



5. Two- er model vith constant stabilityand constant w•I" in

havian h constant tsm;erature Ts and the conatant '.rind speed Us. The
l-1arameter In the vave equation has here the constant value

F(stratoephere) = k~ VT~/U

The cosresponding critical wave length is

Ls - 2 s• /g - (0.3 Us as-l)km.

The troposphere Is the same as the one lower model In the 1.;evioua section.
Using the a notations, the F-parmseter at the groumd is

F0,(Sround level ) - q/Uo -

and, as In (29), at an arbitrary tropospheric level

F (troposphere) - (kohoz) 2 .

The interface (the tropopause) is located at the height R above the ground,
or at the height hs - ho + R above the reference level. The 4epth hoof
+!ds reference level belov the ground is Z!ven by the tropospheric wind
shear

U' - (Us -Uo)i. aU0• U/h.

The vave equation respectively in the stratosphere and the tropo-
sphere of this model has the forms

Stratosphere: d' + (k2 - -). 0

(33)
Troposphere w" + [(koho/z9- k2lo - 0

At the tropopause the boundary conditions require continuilty of vertical
velocity and pressure. Since the density is continuous the latter con-
dition may be replaced by an equivalent condition as follovs: the tropo-
pause Is a vorticity discontinuity In the basic flov, so any dispLaciit
of it represents the addition of the vorticity U' vithin the garas beten
its equillbriu level and its displaced position. This vorticity Incruet
Is equivalent to a slidlng vorticity at the tropqase whIvA, by Stokes
theorm, has the value

Au - 'c - Us/bs.

Here A denotes the difference betveen the values over and under the tropo-
pause, and C its vertical displaneaent. Application of indzvi••al tiae
differentiation D/Dt . Us?/ax, gives

Aux - v/h5 .



Wo have a13 ea6 Ipmced the comtessibility In the &ninic .qutlons (33)
to Ve M t Wrte Vz u v- Thus, recalling the kin---tic conditi• n is O, ve
have the catnbed oundary condition at the tropopause.

(34) -b5 *(lAw)' - 1

Returning now to the wave equations In (33), ve note that the short
waves LK1b are subcritical In both layers. Their amplitude decreases ex-
ponentially In the stratosphere and is non-oscillatory In the trqpopbere,
and therefore none of them can exist as stationary free waves over level

roumnd.

In the Iatersediate spectral interval Lo.l the vaves are sub-
critical in the stratosphere and supercritical (ouc latory) below a certain
level in the tropospbere. So there is at least a possibility for lee-waves
:In this Interval, just as in Scorer's mo4el. The solutions here are

Stratosphere: w w C exp(-)z), I u

Troposphere: -.zi •A,(kz) + D O(kz)]. V .. koh.

Ibise combid boundary condition at the tropopause (34) gives

(%hs &(A Tv(khs) + B G(k.s)Jkhs L4?v'(khg) +B C14(khs)I 0

'where the accent denotes differentlatian vith reference to the arg t. If
the solutio Is a free wave over level ground, Its boundary condition at the
ground is w(ho) -0, or

A Fh,$kk1o.) + B Ov(kho) - 0

Illamuation of A and B givec the folloving eqgation for the deteraination of
the wave nmbers cf the free resoance vaves,

) k,(kh)((h, - j)r,(kh,) + kh4(kh5 )) . ,.(35)
- i,(kký*)[((h, - J)G,(kh,) + kas5,04(ka)). "

This efation coreim poods to equation (27) In Scorer's aodel, amd my be
solved grreially In the wm v wahy the values of the basic parmters
awe specified. It is fairly clear that the necessary condition for the
Wastence of a resonance mave Is that the spectral interval ib s utr-

fticiently vide. And further, since the zeros of 7 and 0 are ac]e widely
separated the larger the wind shear, the Interval neeed to WL & a free
wave mast increase with the shear. Artele found that a sufficiet coani-
tion for a lee wave is that the ratio LI/ko exceeds a certain mber which
is a function of the vind shear (or more precisely a function of

If a free vave exists in the L oll Interval, it will qaear as a
distinct resonance lee-wave down wind f the mountain starting with a lee
trough at the mountain. It vill be most strongly excited If its wave length
is ccmperable to the effective -mountain vidth. The raining contribution



to the flow pattern cois mainly from the long wave comonats IA which
are s•iercrittcal, in the uer layer and hence a continum s spectrum of
possible free waves. To attain uanieness the cpocents whose phase
In the qpe layer is kx÷s are used, as in 4mwmW 's and Score•'s models.

PmsA I A) solved (35) .,hIcallUY for severa ,Mrical 422,144
which vare chosen to reseble observed conditions over te Sierras an
days with wall developed lee-waves:

MI Macemer 3.8, Ml (See tigiwes 3.-11 and 3.1I. ) 2be beight Qf
Ne t o e Vag about 8 In. In the troposphere the
wind could be roughly apboz~msted, by a constant wind shew with
U 0. 10 W-1 at the ground level increasing to Us - 50 me-I at the tropo-
pause. t averap gtroposheric lapse rate ws about 7r per i. mese
vTaues give

Ls a 15 kas 6€ 6ka, ho = 2 ka, v a 2. 1.

Lotferva is 4uat wide eough to include a resonance wave. The
solution of (35) We Lr - 14.7 ka which is nea the i w eand

of Interval. 2bis ogre" rather well with the vave-lenoth or the ob-
served lee-wve which vms a little longer (between 15 and 16 ko). "*
lee-wave ws strang!. develope from early maing til late afterwo,
with vertical velocities in ecess of15 si-1. it persisted with consider-
able intensity well into the stratosphere. One sailplaae rose to 11.5 ka
above the valley floor at about 10 &.a.g and another to 10 In at 4 pma.
Te strong develoyment us probably caused by the cobination of two
effects: (a) Tbe resonance ave langth is cmrable to the "ettfect1ve"
vidth of the Sierra profile (see tfigre 12.3) and I therfr excited
to considerable alitude. (b) The resonance weve very clOe to
the cr•tIcal wave lenth in the stratosphere, so I Is very smal.
The m.libtAd therefore decreaes very' alvly with heit I the strato-
sphere. The oamtributiods ficm the supecritical c=Venta near L4 may
"also be quite saipZlant In this case, partIcularly Ii the stratosphere
vae their amlitude is induat of height. A model vwIt the sm
wind d1stributIon sand stropaw stabil.ty In the troposphere he. a mailer
value Of saa therefre wder Le-L Interval. ir aeeple, a laase
rate of 50 per kilometer gives Lo L A kas, and the reson an e length
is Ir a 13.3 ka, wall inside the interval.

(ii) Jau. 3. 1.• (See fgures 3.22 and 3.24) The tropo-
powse we. also an this located about 8 kilomters 0%-e the flowof the Oms Valla. The vIA4 In-resewd from Uo 7 ms at the--I'
level to Us a 30 Mel at the tropopsese and the averag lag e U" te m

asout r° per ia. These vauies give

-a a 9 k, •L"O , ]=o "a.2A ks V a 3.1.

gaLin the LLo interval is just wide erough to include a free resomace
wave, namily Ir, - 8.8 ka. As shovu in figure 3.22, the observed resonance
wave consists of a vell dveloped train of lee waves extending 6mm vind
tram the Sierra crest vwith nearly unifor. wave length and ailUtWde.
Me observed wave length is about 8 ka, which again apes. very Vei with
the value predicted by the theoretical model. The odterved oslitude
Is nller than on Icober 18, probably because the resomnce wave is



so much shorter than the effective vidth of the mmntain.

(iii)' Tare- 16, 1952. (see figures 3.28 and 3.30) The 2lOZ-
sounding froM erced shoes the ropopuse at 9 km above the Ovens Valley
floor with a temperature lapse rate of 7.30 per kilmeter in the tropo-
sphere. The ra-yind soinding at Xarced above a practically uniform wind
shear of 6.6 so' per kilmeter as far as it vent. $xtrapolatiOn up•ard
with the same shear gives the wind speed Us - 67 ms-- at tbo tropopouse.

The speed at the level of the Owens Valley is Uo a 7.7 Nas These values
give a model with

La = 20 k, Lo - 4•.9 1=0 ho -"1.2 ka', v - 1.4.

The La . Lo interval is rather wide, but not wide enouwh to include a free
resonance wave since the value of v is so small in this case. Equation (.4)
is not satisfied for any wave in the interval. The linear extrapolation of
the wind profile in the upper troposphere probably gives an overestimate of
the wind at the tropopause. The analysis of the geostrophic wind field and
the thermal wind on the upper level maps suggests a such maller wind shes
as i~dicated by the dotted extrapolýjtion of the wind profile in flgowe 3.30.
This ext rapolatiou gives U. - 50 M"I and a smaller value for. the mean
troposo eric wind shear, so we get a model with

,,I's a 5o, io .4.9ks, ho..61m, v =2.1.

The model is in fact rather similar *to that of December 18 in (i). But
(35) gives no free resonance wave in tnis case. The observed flow pattern
in figure 3,28 sbovs a strongly developed lee-wave with a wave lent of
21 km. According to the interpretation of the theoretical tvo-layer model
this wave can not be a distinct resonance wave which is repeated periodical-
ly downstream. Rather it mast be the resultant of a continuous spectral
band of supercritical wave components with 1L> . Since the critical vave
length is nearly the same as the effective width of the Sierra profile in
this case (see figure 12.3), do should expect that the shortest of the
supercritical components near L. are most strongly excited. The observed
flow pattern agrees rather well with this interpretation. We also note
that the amplitude of the observed wave persists with practically undtlln-
lsbed Intensity at high levels, which is a feature characteristic of the
s*percritical wave components.

6. W&lttiple- er model with constant stability and constant wind
shear in each lser (Palms model). - Let the interfaces be labeled consecu-
tively uprdo by the numbers n - 1, 2, 3.... As in the earlier mo" s
n a 0 represents the ground level. Let Un denote the speed at the a interface
y the constant temperature lopse rate in the layer above it, and an the
thickness of this layer. The F-parameter is discontinuous at the Inter-
face *cause of the change in lapse rate. Its value on the upper side of
the Wz- interface is

y. aB/U 2

The wind at the level z in the layer above is

U U' - Un(z/hn),
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vith z measured frcs a reference level at the dayth hn be.w the
interface bere the speed of the extended Uyr is zweo. (ftis rer-
erence level 1I different for each layer.) f•b eepars iMM j6

paremetear in the layer, asin (29),, is

F) J'&/4 (hn/&)2 .a~)

and, as in (30), the wave egmation Is

do ((+khn/i) 2 _ k2 ju. 0

vhich ham the general solution in (4:N, mamly

(32) a. a xiCAv(ks) + BACG,(k-)j

with

The sliding vorticity at the z$ interface is

Au a - CAU'u -C(Un/hn - Un. 1 /bn_.1 )

where &Vi A denotes the difference between te values ove and under the
.Interface. ApWlication oflndividual tim differentiation and
substitution of u. a -v, gives the bound•y conditions at the lateo-
face

- .i, 1..) (i- ")' . I -(b., +/ +
(36)

Ifen the difference £ is evaluated, it mast be remebr4ed that diftfrent
reference levels a a 0 are used In the solutlonas (32) above and belal
.tbe Interface if the vin sheer is discontinuous at the interface. ]k
the vu r solution thew interface lies at a - h.. in the
lover solution it lies at I a ha.1 + * -l1

Inm an n-layer model there we two boundary conditions (36) at
each of the n-i Interfaces. These toGetbe vith the bundary ceitions
at the ground and at Infiaity give a systes of 2n bsaamsuw linear
eqvatios for the de nate aeion of the am cmstaent .A, 3, in the a
solutions (32). Me vanshing of the deteralat of this system gliw
the equatian wich detewmnes the wave wmber of the fwree eemwee
wves, " if any.

AM observed distribution of stability and wind aLmg the vertical
=W in principle be deuoated as accurately as desired by eoosing a
su~ftclent nvaber of layers. Jbeveer, the equation kich &etemin"e the
zesownce raves mist be solved graphically, and the numerical leb
become almout prohibitive fr a model vith too w&M layers.

As a first test of the waltiple laWer model above, N.la considere4
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a four layer approxiaation of the situation on December 18,. 1951, the
situation vhich.was compaeed with the tvo layer model in example (i) in
the preceding section. The 0700 P - sounding at Merced (Fig. 3.10) shows
a pronounced inversion layer a short distance above the mountain crest.
This appears to be a rather typical feature of situations vith lee-waves
in the Sierras. To take account of it. the troposphere was represented
by the following three layers:

Bottom layer: H- 1. 5 ka, TO 80 1 )

Inversion layer: H1 a 0.5 km, -r --5 kW1,

Third layer: 2 a 6 ki, Y2 .7.80 bl.

These give the average temperature lapse rate 70 per kilometer for the
entire troposphere which was used in the two layer model. The model is
otherwise the sm as the earlier two layer model. The dynamic parameters
at the bottom of each layer are

ho - 2 km, LO v 7.4 km, o " 1.6
hl a 3.5 kha, L.,= 1 .7 k( , V M 4.7

h2 - 4 km, L2 - 13.3 ka, v2 - 1.8

hs U 10 kin, Le a 15 ka, Vs M. 4

For 1.4t the solution is w - exp (-Uz) in the stratosphere, and it
is given by (jl) in each of the three tropospheric layers. Tfie combined
boundary condition at the troposphere is -h,&(ln w)' - 1, as in (34). At
the two tropospheric interfaces boundiz the inversion layer, since the
wind shear is continuous, the boundary conditions are A =- 0 and At' a 0.
For a free wave the boundary condition at the ground is W•ho) - 0. These
give six homogenous equations which determine the constants An, Bn of the
solutions (32) in the three tropospheric layers. The vanishing of the
deterainant of the system determines the wave number of the free resonance
wave. Solving this equation graphically, Palm found L. = 13.3 ka. We
recall that this is the st as in the two-layer model if the average
tropospheric lopse rate is changed from 70 to 50 per kilmeter. The In-
version layer appears in this respect to have the seas dynamic effect as
an increase of the tropospheric stability.

Palm tried out a further Isarovenent of this four level model by
assimJng that the wind decreases linearly with height in the stratospbere,
Since no wind observations were available from the strasosphere on December
18, 1951, he arbitrarily chose a wind shear of" -2.5 =- per kiloter,
that is, one half of the tropospheric value. Aside from this feature the
model was the same "a the four level model above. The solution of the
vwve equation is nov given by (32) in all four layers. The reference level
z-0 for the three tropospheric solutions is at the depth ho . 2 km belov
the ground as before. For the stratospheric solution the reference level
is 20 kilanters above the tropopeuse and vs - 8.3. If a saler vind shear
had been chosen the reference level vould be higher up and v would be
larger (beyond the range of Morgan's tables). The solution 1as an oscil-
latory sing~arity at the reference level where the basic flow is sero.
The supercritical wave components IPLL recain oscillatory all the wy dmr



to the topopeuse. Bat the subcritical wave coqponents beem non-
oscillatory s=e distance above the tropopmuse.

The vorticity discontinuity at the tropopause is 50% greate in
this model, so the boundaiy .=nAition Is nav -hsA(ln 0)' - 1.5. The other
boundary conditions are the a as before. The graphical solution ofthe
equation which determines twe free resonance vvree 3wve tub values nmely
a subcritical resouance wave with kr- 13.2 km and a evomcritical res-
oance wve with L a- 20 ka. The at is the s as Iu the w oUaY
model vitbot shear In the stratomphere. 2 mb ercritical resonate
vave is Ite to the stratoaph• e vind shear. The cmntiamwus spectru of
soercritital resoeance waves in the moiels with constaut vial, In the
stratosphere Is replaced by one single ml critical remommw re In
this model with decrealng wind in the stratosphere.

Palm evaluated the contribution to the resultant flow over the
Sierras from these two resonance waves if the gelras profile is 1
lasted by the curve

(37) CO -(hw a 1 xa

which represents a smoth .ýov•uxnd slope from a plateau to a level plain.
A rough fit of the Sierra profile van obtained by cboosing ftr the bheIt
of the plateau h u 2 kas and the effective "width" of the sl&Ue 21%, -6ka
(see Figure 12.3). The vertical velocity down this montain slope is

(38) wo . a M. +

ubich has the Fourier Integral representation in (23). The vid speed at
ground level on December 18, 1951 vas about 10 m-s, which gives a znin
vertical downdraft half vay down the slope (at x-0) of about 7 M-1.
The contribution to the verticaL velocity frm the two resonance waves
is shown in Fig. 12.5, reproduced from PaIl's report. The short wave
dminates at lor levels. It starts with a lee troiuh half wyry dow the
slope and ha maxmum vertical velocities in excess of 6 ns"A about one
kilometer above the ountain top. This is the reion vbwere the =ximm
vertical updraft was encountered on the sailplane flight 2006 at the
time 0900-1200P, see Figure 3.11. But the observed vertical velocities
were much greater than the values predicted by the the-etical model.
The log supercritical resonance wave predminates at h' lee"s,
which also sems to agree in a qualitative vsy with the observed rim.
But again the vertical velocities in the model are nuch ualler than
the observed values.

Palm did not evaluate the contribution to the resultant flow pat-
tern from the ramaining pert of the spectrua, the Fourier integral being
too complicated. The main function of this remolni part of the field
Is to remove the discontinuity in Fig. 12.5 aloog the vertical at x a o
and give the appropriate dovndraft in (38) along the moumtaa slope. it
is rather unlikely that this part of the field would help to accomut fr
the discrepancy between the observed and sredicted values of tbe vertical
velocity alitude. A amr plausible ewlanatlon am be that tke cuve
in (37) is a poor apoximation of the Sierra profile. We he ajre@
noted that the amplitudA of the resonance rave is most str=y aelted

. . . * *..... -. • -. .. .. .•- ibMN"
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vwn its wave length is coemrablc to the effective mountain width. It
would therefore be of interest to repeat Palm calculation for a profile
with a wider slope, say 2wa w 12 km.

Palm evaluated the contr.bution to the pres3ure pert-rr ation from
the two resonance -aves. He found a maxims amplitude of 1.2 millibar at
the groumd with lov pressure under the streamline troughs and hi&h pres-
sure under the crests. The pressure field has a nodal plane at the level
of maxiua vertical velocity and the horizontal pressure gadient is re-
versed above this lerel with low pressure at the streamline crests and high
pressure at the troughs. This is of course in areement with the eneral
results derived earlier In chapter 9. If the ampltuade of the resonnace
wave Is augmented by a factor of 3 so as to bring it up to the observed
value, the maxtima pressure amplitude becces 3.6 aillibars which vwold
mean maximm altimeter errors of about *30 moters in this very strong lee-
wave. bhls asrees with other numerical estimates of the altimeter errors
in chapter 9.

--
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A•MCDIX A

REMTIOE WF 2ACKM DMA

Pboto-theodolite tracking data,

-- g Sutnary. It vex the reduction of the tracking data vhich posed the
biggest ostacles to the project and upon which the geatest effort vas
eTpended. The attests to derive useful space positions fron the tiacking
data extended over a period of four years (1951-1955). The miny fooluaes
and frustrations vhich preceded eventual success were due primarily to the
inherent complexity and novelty of the task, agravated by & serles of un-
fortunate dovelomnts&. It had been hoped that the f~i st test Me its over
the Naval Ordnance Test Statr'on (N.O.T.S.) rocket range nowr Iaoke-n in
early 1951 would provide a basfs for comparison of relative accurac r between
Kitchell and Askania photv- theodolites but the Ankaniss were never wed. The
later flights of Phue I over the Ovens Valley in March and April 3 951 we
intended In part to furnish Ct'a for a s•qpe reaction routine vi ch could
be tested and necessary improvements in the techniques c1ltted b fore the
start of the 1951-2 season; te first attemt faeled and further elfo-ts we
discontinued with the vith.zeval of N.O.T.S. from active participation in the
Project because of the demands of more urgent research. The loss of the
NAv'y assistance in data reduction ms a serious one since they possessed
all the ee irence and teciu:aal knovledge needed for evaluating the tracking
data. later when the comuting task was undertaken by the lnstItL.te of
imarica.1 Analysis at the Unliversity of California at los Angeles (U.C.L.A.),
wk was interruted several times flor long periods whmn the tracking network
ws re-surveyed, when funds were temporarily unavailable, and wn the In-
stitute undrwent a chmng of asolnistration frm the bureau of Standards to

become a part of the University as ummrical Anai•,ys Research (N.A.Ro)O
The work was resmied In 1954 by project personnel of the Veteorology Depart-
mat under the guidance of Dr*. s No Southard of 1A.£. Publications of
the Aterdeen Proving Gromd and of N.O.T.S. on ballistic trajectory couta-
tions ircm tracking data and results of the 1951 sal]ians tacking tests
by I.O.T.S. were asde available to the project Ini 19- haviAg been uninown,
earlier or unavailable as "restricted" ina at ion. In the con of the
pablim for the WACe electroni c ter numch credit is &w Dr. Southerd
and Mo. Jmes Davd.

Th .method proved to be suxprisingly colpex. In the following sec-
tions are described the raw data from the theodolites, ho the cmras were
t~imd and or-ented, and the system of coordinates chosen. ISalustion began
with the samir•wemt of the position of the lwmg on the fnla. F7ma this,
azinxth and elevation angles we deteruined after a series of corrections
bad been qplie&--to mensation for tracking errors, Instrumt erros, cuv-
ature of the earth, the reference systsm etc. lhe space positions were than
comted from the corrected angles by triangulation. 1.D.1. (brterartionai
Business Nmch.ine) punch cards were used for coding the routine end the data,
the coputat ions were performed on PM# and the final results giving positions
and an estimate of their accuracy wa printed in tabular form.

*All of the high speed couting machines used in the Unitei States have

abbreviated nome. SWAC stands for Bureau of Standards Wester Autatlc
c~atAr.

,± • .* • - , ,• - •m



The po to-theodolte. A photaVraph of one of the three Mitchell photo-
theodolites used in the tracking operation is shown with its crew at one of
the stations In Fig. A.l. A schematic drawing of the Instruent is presented
In Fig. A.2p with the lettered parts coresponding to the following nomen-
clature:

A stationary hoizontal vorwbel

B az1-ith handwheel

C movable verticLl vormwheel

D elevation handwbeel

Z telescope eyeplece lena

F telescope crossha-4 s

o telescope prim

H telescope objective lens

I camera filter

J ciaers lens

K cmera light stop

L camsra right-angled mirror or prim

N asimath and elevation Indicator unit

O large prim of indicator optical systemt

" lLnh of Indicator optical system

* mall prim of indicator optical systemt

R amer, shutter

S camera film WertUre or mask

T film

The instruments iere manually operated In tracking the sailplane. The
cemera ws operated electrically by pulses which at regular 5-second .intervals
recorded otogri;ýhical1 on 35 mm film the image of the sailplane and its
vtclnity at d the true maber and the asi-th and elevation Indicators of the
optic axis of the theodolite. A saqle frame of theodolite film is shown In
Fig. A.#.

There are three effects of the optical projection of the sailplane
1mge an the film that are briefly noted here and discussed In more detail
below. First, since distances on the film represent various angles in the
sWW while sazimuth refers to the horizon, and elevation to great circles through
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Fig. A.I Mitchell photo.theodolite and operator at bl Park. ladopemomce.
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Fig. A.2 iclunatic drawing of Mitchell photo-theodWite.
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the Zenith,, true vertical and horizontal lines vith respect to the theodolite
were rotated on the film by an amomt equal to the elevation ang)le of the
optic axis. Second, "left" and "right" along the true horizontal plane
vere reversed in the film from their relationship in the sky with respect to
the observer. Third, the saaiplan. which aweared to the observer at some
point in the spherical coordinate system of the kW was projected onto the

•flat plane of the film, thus Involving a certain amont of measurable distor-
* tion. Consequently, viue reading the film end cat;atig the "true" or most
probable azimuth and elevation of the sailplane from each theodolite, one
had to make allowances and correctlow for these effects. These wirs kpow
as tracking corrections and would afl have been obviated had it been possible
to keep the sailplane exactly in the center of the crossbairs.

The theodolite netvork and tracki"% procehzes. O( the Wp in ig.
1.2 are shoi l the location of the three pboto-theodolites. The station des-
ignated Seven Plnes (7 P) vas at an elevation of 5254 feet, that at the Ball
Park (BP) In Independence at an elevation of 3904 feet, and the third at
Msnzanar (x) at an elevation of 3836 feet. The three stations we connected
by wire land lines with each other and with the synchronous-motor timer In
the control van at the I.muzanar airstrip. 12.ectrical la~ulses originating
at the timer were used to actuate the operating solenoid on each photo-
theodolite at 5-second intervals. Interemur.icaticin by radio and telephone
ws also maintained a-ng the stations for coordination of the tracking effort.

At each of the station sites a stout 16 inch square wooden post was
sunk deeply and firmly with its top about 4 feet above the round (FIg. A.1).
Prior to and immediatel.y after the tracking flight, orientation pbotopqs
were made at each station by focusing on a signal mirror or light flashed
at a refarence station in direct line of sight. These recordings of the
acimrth and elevation Aials were made In both the forward and dmped (reversed)
position. From both Ball Park and NMnzanar It aus possible to see the Seven.
Pines theodolite and vice versa, so that the operators at the first two mad*
two sets of orientation readings for each flight while the crev at Seven Pines
asde four sets; the reference station for Seven Pines vwa llDal Park. Flmin
were identified by flightj date, and station.

During the tracking run, tUm correlation was maintained by periodic
"blackouts" which were ffected simultaneously at each station on a count-
down from the flight control by placing an object over. the telescope len
of the Cmara.

Some failures and errors of the photo-theodolite trackLnz method. The
limitations and qualifications the use of photo-thaodolitea were nanz, and
ranged in order of mgnitude from those unfortunate catastrophes and unfore-
seen circmustances that prevented the securing of any useful data and nul-
ified the entire flight to certain errors which were either so small that
they could be neglected or vere of such a rendon and Indeterminate nature that
they could not be corrected for.. Between thest extremes in limitations were
some errors, many of which were rather large, which could be corrected for
in a satisfactory manner. The various defects in these three protqus vwl be
considered briefly here.

Of the gross mechanical failures that prevented tracking coverage of
ifole flights or parts of flights, one that vas quite con was the failure



of pulses at one or more of the stations. These were usually a result of the
land lines baying been severed by predators or by sn removal equipomnt.
Another cone= reason for no theodolite tracking data, and the only cause not
preventable, was the obscuring of the target by intervening clouds or blowing
d&t. A fey operations had to be cancelled for this reason while on may
others, parts of the flight paths could not be tracked, later in thb. season
Installation of the electronic '"ydist" systI served to overcom these Mo.
While black and white film ws used genraly in the theodolite omiers, color
film uas emloyed on the last severa'l flights of the season. It had an ad-
vantage over black and white film in making It e•aler for the film reader to
lodate the orange sallplane against the sky or clouds, but the serious dis-
advantage that the dials photographed indistinctly and for large portion$ of
som flights were unreadable. Also a real disaster and cause for anguish
occurred when a rather imortant flight was nullified because the color film
vas ruined by incorrect processing. The inability of the theodolite operators
to roea•n on target at all times. especially vben the sailplane was near the
direction of the san from the station or at lov angles, us respolsible for
am gapse in the theoftlite tracking data. Ftially, woo Infrequent "stutter-

IN" of the psing mechanim and the consequent exposure of more than tvelve
frems per ainute caused sme data to be discarded.

Certaai errors which vere peculiar to each instrument or which were de-
pendent an the monting of the theodolite for each flight could be effectively
measured and corrected for* These were:

1) Lens collimation correction. This was a constant error of the
optical parts of the instrume t which affected the mmeurmint of the IMg
on the film. Because of a certain lack of aliga.ent of the optical parts,
the 'bas of the film"--where the film was intersected by the line through
the rear nodal point of the lens-- did not quite coincide with the center of
the fre as defined by the cross hairs Imprinted on the film by a pressure
plate in the camera, and defined by the notches of the saek. These errors were
detemined from the forward and diRW orientation msaurements. The vertical
teau vs a constant correction to elevation while the bhrizontal term vas a
varying but systemtic correction to azinuth.

2) Zero-point correction in aziauth. The "zero" aiAuth reading for
both the Ball Park and Mansanar theodolites was along their lines of sight to
Seven Pines station while that of the 18tter was along its line of sight to
Dal Park. That this reading was not exactly tero could be corrected frm
the forvard orientation readings in atimuth.

3) Zero-point correction in elevation. Whatever amont the zero read-
Ing of the elevation scale was different from that when the instrnent was
eighted horizontally, vu determinable from the orientation readings in
elevation corrected for collimttion error and the ocnputed elevation of the
reference station from survey data taking into account the curvature of
the earth and the direction of local gravity.

Those errors which were known to exist or were possible but for which
corrections have not been made are listed below. These errors could not be
corrected for practically because of their random nature, but they were be-
lieved to be small in most cases; all were sOmaler than GstiUted film readin
er'rors.o
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1) Lag or "backlash" occurred when the gears of the wornwbeel did not
mesh perfectly with those of the counters. Thus the instruent night have
moved slightly before the counter moved and this would bive given two dif-
ferent readings for the sae fixed point depending on the direction of sveep.
The occasional difference of one or two mils in the orientation uanmuth
resdings of an Instnruent suggeated this pcssibility but because of its in-
consistencies and Infrequency it could also have been caused by a slight
"play" in the bolts attachin the metal base to the vooden post. MAsl a mve-

* mant of the portable sigal light at the reference station by several feet
vould have caused such a discrepancy.

2) Leveling and gravitational error. Since great care was taken to
nuunt the theodolites by spirit levels and they were believed to be leveled
to 0.02 degree (0.35 fil)* mauiuau error, this systematic but .il error
was igncred. Variations in the collimation and zero-point corrections to
elevation between flights suggest that the leveling error was on the order
of ±0.2 mil. This, too, could have been corrected for had there been addi-
tional surveyed reference marks for each station. Correlated with the
leveling error Is the neglect of the variation of the direction of local
*gravity caused by the prux=iuty of the great rock mass of the Sierra Neva&a.
Present geophysical data indicate this to be negligib..e. The corrections
for variation of the direction of local gravity associated with the curvature
of the earth were unde and are treated below.

3) Effect of atmospheric refraction. A correction based on the
* assuptIon of a Standard Atmosphere can be applied (WcShane, 1942), but cal-

culations have shown this effect to be very mall even at Low angles whichj were infrequently recorded. However, since refraction is greatest when
sighting along or at a smml angle to a tmerature inversion, and it is
known that lee waves are of.en associated with a strong inversion which
layer partakes of the wave form, it is quite possible that this effect my
have been important in certain flights along certain lines of sight. But
it could not be solved for, practically,. In the routine comutations
because 4t depended an knovledge of the temperature field which could only
be apprwodately known after all the sailplane trucking data coptations
and synthesis had been cmpleted.

Nol ttM. The symbols used belov have the following meanings:

a auluath angle.

%• reading of azimuth dial and counter.

aI corrected azimuth of theodolite i (i a 1, 2, 3)

a elevation angle.

%' reading of elevation dial and couuter.

1600 ails = 900, or 10 = 17.778 mils.
-@. w -)0- - -

¾@
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gi corrected elevation of theodolite 1.

A% meneured distance on film of sailplane froa vertical reference
line. + left, - right.

ao measured distance on film of sailplane from horizontal reference
line. + above, - below.

bo primary tracking correction in azimuth.

ago primary tracking correction in elevation.

hA final tracking correction in azimuth.

Sazimuth corrected for tracking error.

9T elevation corrected for tracking error.

sit adJusted reference azimuth.

Sazim ith measured from referenc, azimuth, positive clockwise.

A,3,M,3 constants for flight or portion of flight.

aL angle between the reference azimuth of the theodolite and the direction
of the origin from the theodolite.

•o azimuth of sailplane from the reference line Joining the origin vAth
the theodolite.

C the angle the line joining the center of the earth with the theodolite
makes with the line joining the center of the earth with the origin
of the reference system.

"Mc azimuth correction for curvature of the earth.

Asc elevation correction for curvature of the earth.

€a azimuth collimation correction.

cg elevation collimation correction.

ar e bet.een the reference line Joining the theodolite T with the
o,. gn 0 and a north-south reference line froa Ti aswUeWa In the
horizontal plane of 0.

I, elevation corrected for tracking errors, curvature of the earth, and
collimation error.

aq azimuth corrected for tracking errors, curvature of the earths cola.Ui
tion error, and rotation of the reference line.

0 origin of x, y, z coordinate system.

T(X,Y,Z) rectangular coordinates of the theodolite,

P(x,y,z) rectangular coordinates of the sai]lane.
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P,(x,,yIZj) rectangular coordinates of projection of P on ray defined
bygil, ti.

ai,'bitci direction cosines of ray defined by theodolite.

Z altitude above man sea level.

Ii vector from Ti to Pi.

r. slant range of "sailplane" from theodolite.

Ai;,hy1iAzi residual components xj-x, Yj-Yp aud zi-z, respectively,
representing the vector between P and Pie

Film re-din and measurment. The film frca the photo-theodolites
were processed and developed at the Naval Ordnance Test Station, Lkyokern.
Most of these films were read tuid recorded by the tracking team in Independence
liter at U.C.L.A. many of the films were checked and re-read. Reading Vas
done on a Model C Recordak Film Reader. From knovledge c f the focal length
of the cameras, a cir,.ula.- grid was constructed on a transparent overlay for
the viewing screen so that angular distanceE of the sailplane from the
center of the film could be read vhen the periphery of the grid circle of
50 ails diameter was aligned exactly with the notched references of the
projected fila frame. This relationship is illustrated in Fig. A.4.

The readings for each frame for each station had five parts; the
frame number, the complete azinuath (C ) and elevation (go) dial readings in
ails and the unrotated primary tracking corrections to these readings
(&cL*-4 ;) consisting of the distances in ails of the sailplane image "right"
or left" and above and below the crosahairs. The grid was scribed in ails
and the and A s readings were recorded In ails and tenths of ails, the
tenths figure being estinated. Tae accuracy end reproducibility of the
corrections thus depended an the careful adjustment of the film froame
and its mask to the grid circle on the screen. The position of the sailplane
or the film vas defined as the center of the cross formed by the wings and
the fuselage.

The azaiuth and elevation indicators consisted of two parts which
together were the comlete "dial" readi••g. The counter mbers indicated the
values in tens of ails while the other part, the sawtooth scale and pointer,
indicated ails and tenths of ails. Each tooth represented two ails, so that
It could be read to the nearest all and estimated to the nearest tenth of
a ile. Estimated reading accuracy was about -+0.2 all average. This was
attributable not only to the 0.1 mal accuracy in interpolating tetween lines
on the grid but also to the error in alicment of the film muk and the grid,
and, perhbps, by slight differences in focal length of the caeas. Reading
of the film for the orientation sequences at the beginning and end of each
flight required particular care and the accuracies of these readings were
prcbably *0-. ail as they vere re-read and checked several tims. Also,
certain selected frames used for sample calculations of positions were
treated similarly and read and re-read with extra care.
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Recordina of data on punch cardse The data for each frame and from each
theodolite were recorded on a separate I.B.M. card. On each card were punched
1) an identifying code number giving project, flight, station, and frame

Sbeý.s; 2) the azimuth and elevation dial readings in ails; and 3) the two
tracking corrections in mils. After all the data to be used in positim com-
putations had *n punched they were listed together with the first and second
differences o, ccessive azimuth and elevation dial readings. The latter
figures enabled one to dett ct gross errors caused by 1) misreading the count-
ers--vsually by 10 ails as a result of its lag with respect to the pointer; 2)
miscounting the savteeth; ') wrongly recording the reading, e.g., by trans-
position; 4) misreading the data sheet; or 5) a mistake in punching.

The reference syst•i. All of the station locations, including the
photo-theodolites, the radar set, and the Raydist units, were determined by
first-order surveys by the Navy In 1951 and by the U. S. Coast and Geodetic
Survey In 1952. The results from the two surveys were quite close; those from
the U.S.C.G.S. were used in the coW,.tations. The geographic coordinates of
the theodolite stations were given tn an estimated acc-uracy of .1 foot in
altitude and -0.i foot in latitude and lonitude.

The reference system chosen for the reduction problem was one with the
origin at a point* in Independence which point was the location of the central
unit of the 5-unit Raydist system. A rectangular coordinate system va4 pre-
scribed such that the (x,y)-plane was tangent to the earth at the origin 0 with
the positive y-axio pointing to true north and the positive x-axis in the east
direction. The vertical coordinate z was parallel to the direction of gravity
at 0.

OeoD-aphical constants. In order to compute the space position of the
sailplane with respect to the reference system chosen, it was necessary to
make appropriate corrections to the measured angles for the effect of the
clurvature of the earth. This effect can be appreciated upon considering that
the theodolite& were leveled by spirit levels according to the direction of
local gravity, and in the tracking netwrk distances were of the order of
five miles. (As an illustration of this, the difference between the absolute
values of mutual orientation elevations between 7 P and M was about 2 mile,
that from the higher station being the larger since the curvature effect
augments a negative angle. ) fte correction to the measured angles was a
varying but systematic one dependent an the constant angle c defined by the
theodolite, the center of the earth, and 0, and on the azimuth from the sta-
tion. The accurate computation of c taking into account the eccentricity of
the earth's shape is discussed in a special publication of the U.8.C.G.S.
(1946). The values for each station are given in Table A.l.

Coordinates of the stations with respect to the origin of Ihe reference
system were computed from the U.S.C.G.S. survey results assuming the earth to
be a Clark spheroid. Other geographic constants resulting from the definition
of the reference system and the geometry of the tracking network and required
for the computation problem are certain angles for converting to north-south
reference azimuths as defined aboye In the list of notations and evaluated in
the table below.

Latitude 360 47' 53.935"; Iongitude 1180 11' 46.531"; Elevation 3,938 ft.
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Table A.!

Station i X4 YZ Z4 (ft)

1 P 1 -18,990.943 - 8,6C29 .1-24 +.30:.947

BP 2 - 2,177.706 + 4.,236.982 34.639

3 +14,779..L92 -22,510.819 1:9.:q

Station I aL C dL (radians)

7 P 1 4+).226,7G2,7 +0.000,999,9 +l.-'44,291,2

BP 2 -1.392,351,7 . . OW0, 228,4 +2.666,829,4

M 3 -3.599,509,3 +o.%-',290,9 -0.550,96o,l

Determination of flight constants. In order 1o apply the necessary
corrections to the elevation and azý.uth dial rtadings one had to determine
the flight constants from the reference readirgs and azsign certain other
limits which were prescribed by the geometry of a particular flight. The
first Lroup were the flight constants Re cG, and cc--the reference azimuth,
the collimation error in azimvth, andthe collimation correction in eleva-
tion, respectively, a., cc, and c€ were determined from orientation measure-
ments and were corstant for each station for each flight. They were com-
puted from the forward (F) and dtmped (D) and beginning (B) and end (1) read-
ings in the following manner:

9 W go + Ag€o

f a do + AGO Sec £

(These were nearly exact since the clevat'on angles were quite wmll and hence
there was little rotation or distorti-rn of tkAe image on the film.) One
computed 4 values of each anale for BF, BD, EF, and ED. The values for

S and eE• were complements as the elevation counter numbers Increased as
e theodoite -was rotated through 200 (j200 ails) or more in elevation to

the reversed position.

Then N- (aB + 4U) -

cc a 4 (%F +ex? gBD - ED) - tipD)

cL a 4 (O"B? + d-_ GZD - "ED) -4 ( -

A further refinement of cc to include the zero point correction in elevation
was defined by cc -ac + 6: where 86 va., the difference between the measured
reference elevation corrected for collimation error and the angle that should
have been measured according to the survey data.
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The secind set of fnigh, constants A, B, M, and v were required in cod-
ing the problem for the SWAC hin speed computer so t.ha. all angles would be
less than 2 ff radians or 3600. These were also needed t ) resolve possible am-
tiguities in the azimuth readings which were in mils. Since 6400 mile cor-
responded to one revolution in azimuth while the count r readings continued to
9999.9 oils, it was necessary to know whether the lxst -mnt approached a given
line of sight to the sailplane in a clockwise or a cot iter-clockwise rotatiol.
from the reference azimuth, whether it made more than )ne revolution in either
direction, etc. The constants A, B, K, and N vvre de, ermined from an approx-
imate plot of *h. flight path.

Corrections to the meanured angles. Many of 4 ne necessary corrections
to the clal readings--which computations contributed at least half of the
complexity to tne problem of determining the spaze p ,sitions--have been dis-
cussed qualitatively above and are outlined below ir terms of their quantita-
tive treatment. They are grouped according to traci ing corrections, flight
constants, and geometric (geographic) constants. T e derivations of these
equations are given by Trimble and 1Yel-ler (1951).

a. The iritial (puich card) data. T..e dia- rendings to and Go and the
unrotated primary tracking corrections Ad* and At ere first converted to
radians. In that cov.putation and in all subsequent operations the results were
obtained to six decimal places.

b. Tracking corrections. The co.re.ot'ons "or the tilt of the true
vertical axis on the film were given by the follow ng equations:

AGo Maad coS Go + Ah sin 0

Ag0 a 49o co- to " Ad sin to

The smaller effects of converting the position o1 the sailplane Image on the
flat plane of the film to its position in the spt erical coordinate system of
the sky were corrected for by the formulas

tan Ad a (tan A%)/cOS %9,4690)

and a a ao + A a

sin CT a sin (9 to *-sos An. (0<er<w/2)

c. Flight constants. Correcticn .for refere: ce reading:

aT aaT qt ifA aT g<B

otherwise O = M (UT + N

Collimation corrections: c. and c. /cos c (both adde 1).
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d. Geopsphic constants. Correction to reference line to the origir

%b -"T" - a

Correction to N - S reference azimuth: +

Corrections for curvature of the earth:

c% c-in otanET

Ae - c Cos CO (both added)

e. The corrected angles. The final computations giving the most
probable (or best determinable) azinuth and elevation angles measured in the
horizontal and vertical planes of the reference system for each frme were:

ei V CT + A cc + c4

ai W -o + sac + * + ,: C/cos Ci

where i - 10 2, or 3 according to whether the station was 7 P, BP, or H.
These equations were specially coded for rapid computation on the electronic
computer. A sample caj.culation f:r each flight vas performed on a hand
calculator to check the SWAC rout .ne and the flight constants. In the SWAC
computations the decimal data were first converted to binary notation. The
flight constants were pu:iched on other cards, coverted to binary form, and
inserted in the deck of comand eards cons-sting of the routine and the
geographic constants. The values tI and vi were stored for the second phase
of the computation, that of obtaining space positions.

Computation of space positions. If there were no errors in measure-
ments, Si and (1 would be exact and the determination of the position
P(x,yz) of the sailplane in the reference system could be computed simply
and directly from the angles tip a, of one theodolite and one other angle
from another theodolite. In reality, however., there were random errors in
the measurements so that the true line of sight and the computed line of
sight to the sailplane from each station both lay within a cone-like ray;
the computed lines of sight did not intersect in a point except by rare ac-
cident. What one wished, then, was to determine the most probable point,
a more reliable approxftation to the true point, for which a more elaborate
computation method was required. The method chosen was one described by
Trimble and Weller (1951). The solution is given by two steps:

1. Determine a set of points, one on each of the lines of sight,
such that the sum of the squares of the distances from each point determined
to every other such point is a minimum.

2. The position of the sailplane is defined by the a-ithmetic mean
of each of the coordinates of the points determined.

As an aid in estimating the reliability of the final result and as
a check on the consistency of each theodolite, the residual differences of
the coordinates of the point and those on each of the lines of sight were
computed.
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The procedure for three sets of data was as follovw with all computa-
tions carried to 6 declial places:

Given:
Ci L( - Ij, 21 3)

0< ai 2w ; O< 91:S f/2

Computation of direction cosines:

ai - Cos 9j sin *j

bj w cos ri Cos

ci a sin i6 for I - 10 2P 3

Computation of A -j - niaj + bjbj + ciej i A j and i, J 1l, 2P 3

thus obtaining A120 Aly and A23.

3 3
Coputation of Bi -ai [3xi- •r Xj]bI [3biY -•Yj

3
+ c, [3Zi - z. Z ] thus gettig* Dl, k2, and 33.

J-1

Solution of the values of the distances r from the follovinw set of
equations:

-2r 1 + A12 r 2 + A1 3 r 3 -Bl

A12 r1  2r 2 + A23 r 3 M 2

A13 rl + A2 3 r 2 - 2r3 - B3

Specifically: 5~~~ ~ 3 2 4) *2% ,(.
..(A12A23 .+.2A1 3 )+ 2  (A A13 + 2A23 ) A:(1-2 )

2 2 2
2 (Al" + A13 + A23 A12 A13 A3 "

r 2 w2 B2 -A12 A3r3 +A123 1 - 2A 2 3 r 3
2 .A1 2

rl a (Al2 r2 + A1 3 r 3 - DO

*In the coptations a scale factor of 25,000 was used to reduce the mag-
nitude of the terms in brackets.
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Sokution of the set:

xi = Xi + r 1 ai

Yi a Yi + ri bj i 1, 2, 3

zi = Zi + ri ci

Cocxputation of:
3

x - 1/3 tL. xjJl1

3
y - 1/ 3 C_ j

3
z- 1/3 v- z.

rounding off to one decima- elace. "-%e z valac is the heitht above the (x,y)
reference plane tangent to t.e earth at 0. To correct for curmture of the
earth and to obtain the Gemettric altitude, Z, above mean sea level, the fol-
loving corrections were applied:

Z - z + 3939.7 +* X2, +3,Y0

For two sets of data, say i - 1, 3, the procedure was:

Given (a 1 , a,) and (a33 C3), ai, bi and ci and A13 are defined as above

Cocrutation of: B1 - a.(X1 -X3 ) + b1 (Y¥-Y 3 ) + Cl(Zl-Z3 )

B3 * a3 (X3-XI) + b 3(Y3-¥ 1 ) + C3 (Z3-Zl)

Solution of: -rl + A1 3 r 3 a B,

A13 r, - r, - 33

by r3 B3 + A13 B1
by= .2 -

A-13

rI a A13 r 3 -B

xi, Y1 , and zi were then cotziated as described above and x, y, and
z were cumputed as means of these with Z determined as above.

For each flight one complete calculation was carried out by hand
calculator beginning with the caref\ully read dial readi•gs and primay track-
ing corrections for one frame and ending with the spece position and residuals.
These results were then compared with the sase crxutation made on the SWAC
electronic computer. If the results were not the same, tthe calculations and
coded values were checked to locate and correct the er.ors. A three-dimansional
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model of the theodolite tracking system was an aid in studying the relation-
shipe of the three raj's from the comp-uted position and residuals. Where the
litter were large in the sample computation and certrin fl.g.it constantb
(OR, 4:2,,"*) were suspec:tel Lnd liable to adjustment, those values were varied
experimentally to effect a closer grouping of the points on the rays.

'Ihile it required at least one day to comute one space position by s'and
ilzulator, the SWAC coM~utations were performed in several second3 per point.

3Snce some of the frames had data from three stations and some fr= only two
stattions, a "compare co.nand" was used in the coded routine to allow S6UAC to
make the proper choice of procedare. The values of x,y,z, and Z and corre-

pondLinm frame number were li.,ted. By means of an ingenious supplementary
codLag routine prepared by Dowd, lEeteorology Department, U.C.L.A., the residu-als, xi - x, etc., were listed in three columns according as they applied to

x,y, or z and plotted rs numbers i (=1,2,3) according to station. Each number
was printed a '"'stance from the cer'.er li.ne representing its value pluE or
minus in units of 5 feet. There t'lA'ereaxces were quickly and easily graphed,
thus providing at a glance the relative accuracy of an;. position determination.

Evaluation of the reduced dita. The overall accuracy of the computa-
tions is unlmo.n becausr of -Le random errors and tiie lack of a standard system
against which to compare resilts. However, a vear. reliable conputation of the
mo'st probable positio.r :md the degree of P=aximu error involved were obtained
by the above procedure. It is rea.loriable to assume that the probable position
of the sailplane so calculated is closer to the indeterminable true value than
are the poir.ts deternined on each roy; certainly this is so in the average.
The residuals, then, are extremely conservative as estimates of the accuracy
and pre!nent the near-maxinum error. Large values of the residuals are of the
order of ±!WO feet; some are larger, especially at greater distarces from the
network. But those are, of course, absolute errors which do not affect the
derivatives; the relative errors from point to point are much less and can be
nearly el iminated by smoothinG. For the horizontal plot of the positions and
subsequent determinations of the path and the velocities, the accuracies are
entirely satisfactory. For the plot of the altitude in a vertical plane or
in a tine sectiont the relative values of Z are generally of sufficient ac-
curacy for rouit subsequent cozuta.tIons, especially when smoothed curves are
drawn, but for certain determinations such as D values, the uncertainty in
the absolute value of Z is important and must be considered. The residuals,
in all cases, give an estimate of the magnitude of the possible error.

Radar data.

The intended use of rodar in the tracking operatioi.s w.as to provide
continuity in the measured flight path of the sailplane during those portions
of the flights when clouds or dust interfered with optical tracking. It was
hoped to have three radar sets as illustrated in Fi.. A.-5, but only one was
provided as there was greater denand for them in military operations elsewhere.
Cameras pulsed by the same system of the theodolites recorded the dial read-
ings of tine, elevation, azinn&th, and slant range. A single radar unit is
capable of determining the position in space of an aircraft v;ith a degree of
accuracy dependent on the distnaicc of the obJect and raLher Lore on the recency
of the particular model. For aay distance from the object trackeoý, the
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accuracy in slant range was =uch greater than that in angular measurements
of azimuth and elevation. Hach difficulty was hal by the operatcre In
remainirng on target, probably because of the muntainous terrain and the
limitations of tLe zode!. Perhaps the ineffectlieress of this set could be
ascribed to its age. Most of the scanty data obtained when the set was be-
lieved to be on target were not usefula because the dial readings were in-
distinct on the film or because the results were doubtful. However, some
use was made of the readings recorded manually while tracking the power plane
on some of the meteorogram flights. For this reason a brief suary of the
reduction procedure is given here.

The notations used are:

t time

a azimuth

elevati.on

r slant range; distance to target along ray described
by a and C

s horJ.zoatal distance to target projection in horizontal
plane ueasured along a

H height above station

h altitude of station

Z altitude above mean sea level

Then the required results, knowing the location and reference azimuth
accurately, are:

s = r cos 9

H a r sin C
2

Z = H + h ý s feet
41,930,132

Raydist data.

The Raydist system and data. As a supplement to the theodolite netwcrk
and as a substitute fur unavailable late-model radar sets, a Raydist system
was installed in the Ovens Valley in January 1952. Raydist is an electronic
system consisting of a central recording station, a transmitter carried in the
object being tracked, and severaJ receivers placed at various surveyed loca-
tions in the tracking reGion. The central Raydist van was near the Manzanar
control van and the five robot units were placed at tCe locations shown on
the map in Fig. 1.2. Signals from the transmitter ir. the sailplane were
received by the five units, pairs of which formed the various baselines. A
phasemeter at the master station measured the difference in phase of the
signals received at four pairs of receivers and recorded them as sawtooth

"F
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traces on a revolving chlt. The length of each sawtooth is proportional to
the distance travelled by the sailplane along that baseline in the corresINd-
iag time A.terval indicated by the chart; wher the sailplane vas flying
essentially parallel to a baseline the savteeta were closely spaced and vhen
flying perpendicular to a baseline the trace was essentially a straight line.

During the period from 29 January to 30 March 1952, Raydist vas used on
9 tracking flights; some of the data duplicated the theodolite coverage vhile
soue of it covered interesting portions of the flight dur;zg vhich the theodo-
lites were off target. The ray Rtydist datA consist of the brush recordings of
savteeth tracen for 3 or 4 baselines, a time-base tracing synchronized with the
theodolite pulses to produce "pipe" at the same 5-second inW: -ials of theodo-
lite photo~waphs, all supplemented by the notes of the techL: Aan in the van
giving identity of baselines used, time correlations, approximate positions of
the sailplane, power failures, etc.

Reading and measurement of the data. Even more than the reduction of
the theodolite data, the Raydist re&dction problem required a pioneering ap-
proach. Raydist had previously been used for surveying, measuring the speed of
ships, and other two-dimensional problems, but vas relatively untried in
three-dimensional track. g; it had never boon used in mountainous terrain or on
such an er-atic target a3 a salilplane. The uncertainty co.icerning the accuracy
of this method and the task of deriving and coding a routine for computing
space positions were lesser problems than the more basic one of how to obtain
relevant numerical data from the brush recordings, Since the Raydist method is
based on the measurement of differences, its recordings are relative values or
first derivatives and the assigaent of absolute values depends upon knowing
an initial space position rather accurately.* Hence, one of the limitations
of the method is that it .s dependent on the results cf some theodolite com-
putations and, therefore, the solution of the many Raydist problems had to
valt upon the completion of the theodolite computations.

In order to calculate the position in space of the transmitter at a
particular time, it was required to know the exact locations of the receivers,
the frequency of the transmitter, and a numerical value from each of the four
savteeth traces at the appropriate time. This value consisted of a whole
number pertaining to the vhole sawtooth and a fractional part determined by the
intersection of the time line with the sloping side of the asymmetric sawtooth.
The complete figire represented the distance in terms of weve lengths along or
parallel to that baseline; the direction of the sloping su-face of the tooth
indicated whether the sallplane was moving in a positive or negative sense with
respect to that baseline. From the values one could obtain slant ranges from
each of the receiver stations and eventually the space coordinates with respect
to the reference system with its origin at Raydist #1, Independedce. Computation
of successive positions of the sailplane vas dependent on assipment of the
correct whole value to the successive sa%teeth and t j continuity of a distinct
trace, i.e., no ambiguity in the identity of an individual tooth because of
"noise."

Early attempts to label savteeth by hand and to coupute positions at

at was attempted to satisfy this requirement by bringing the sailplane to a

surveyed reference point on the Manzanar air field at the beginning and end of
each flight, but the portion of the Raydist traces recorded at those times were
garbled due to the proximity of the terrain.
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the Institute of Numerical Analysis (I.N.A.) in 1952-3 failed to give reasn-
able results. After the cmletion of most of the theodolite ccoutations
in 1954, the Raydist problem was again attacked by the project team. James
Dowd undertook to code the routine for ccomutation on SWAC and Robert
Cayouette, who had moritored and maintained the Raydist system in the Ovens
Va.ley, vas hired as a consultant in preparing the routine and in rea4ing
the records. By courtesy of the Benson-Lehner Comany of Los Anaeles, an
"OSCAR" (oscillopam analyzer and recorder) data reduction systtem was loaned
to the project. This innovation made possible the re'ordiLng of the useful
Raydist measurements in a very mll fraction of the tine required by
manual methods.

Data chosen for reduction were those for which there was soe over-
lapping with theodolite tracking and for vhich there was slailtaneous railplane
camera data. Frca several known positions the slant ranges and finally the
sawrteeth values vere conmzted and the teeth labeled. Often there were dis-
cgreements, usually by one ccmt, and those vere resolved by cboosing the
most reliable theodolite fix as the starting point and all teeth labeled
consecutively on either side of that time.

Reading was performed .;y advancing the c:-rt in the "OSCAR" viewer,
moving the reference line to the pip marking a theodolite pulse, pwnchina
out on the keyboard the "whole count" figires of Lhe savteeth on each of
the four base lines, andby brinGing each of the sloping reference lines of
the machinc in conjunction with the time and the sawteeth curves, alloving
the machine to measure und record the fractior.&l readings. Th wvork proceeded
rapidly as the machine automatica!lly recorded the data from the four baselines
together with the frame nuer on a punch card, and simultaneously typed the
same information on a sheet of paper for proofreading.

C2qutation of sloace positions. The following notation and forumlas
explain the reduction procedure.

c speed of transmission a 186*218 miles per second.

f frequency of signal - 1P742.-4 ke.

x wave length of the signal = 564.297 feet.

X/2 half wave length - 282.148 feet alona the baseline.

Rij phasemeter readina (savtooth nutber) along baseline i,J.
(i - 0,1,2,3,4 d i Aj).

dij linear distance (baseline) between t11 receivers i and J.

(i - 0,1,2,3,4 and )

Uijj d~ij - Ki

Pi(Xi,Yi,Zi) position of receiver i with respect to receiver 0 at 0
(origin of coordinate system).

P(x,y,z) position of sa.L;lane with respect to 0.



2/78

x.Y..z) approxiiate position of sailplane with respect to O0

P.P - magnitude of position vector (or slant rtuitze) of
sailplane fror, receiver i.

baseline to origin 0 (receiver 0) from station i.

= OP = magnitude of position vector of sailplane from oi-ig:.n 0.

- d4 - -= ri - rO.

,AYAz :--residuels of x - 3F, y - m, tid z T.

:,bj'ci determinants defined in equations below.

W-tth refecrece to the efMlitIor of terms in the above list, the

,mputzational steps irerc:

j , . . of values Ri from data Rij, the constants nd dij,
ad the geometric constants Pi (Xi,Yi,Zi).

iie ui = di - XRi. (2)

'i±. From the law of cosines:

(ri,)2 = (r 0 ') 2 + (di,) 2 
- 2 r 0 di' cos

(,-w•hcre jres ixd•. ictte projection on the (x,y)-planc), and from
he geometry of the problem:

ri 2 = rO2 + d. 2 
- 2(xX± + yYi + zZi)

hen, from the identity ui ri - ro,

xXi + YYi + zZi + r0 u, - (d1
2 - u1

2 ) L AFi

If P(x,yz) were known exactly, i.e., if it represented the true space
)osition of the sailplane, AF1 - 0. However, because of inevitable errors in
.he techniques of measurement, AF ý 0 and the x,y,z values determined in
;he problem are actually some approxinmate values RY,2. So the equation used

R Xi + yYi + iZi + r0 Ui (a1
2 _ U! 2 ) (3)

iv. From Maclaurin's Theorem) retaining the first order terms of the
!ieries and considering the total differential dri '= A-i:

aF 1 /ax Ax + 8F i /6y Ay + aF1/S, Az = AFi

Now, AFi, Ax, Ay, and Az cxizt while (ir,- ) ý (x,y,z). Then Ti a!,.

proximates the change in F1 resulting from addition of increments Ax, A),
Az and

(aF 1 /ax)ý Ax + (aFi/ay) . Ay + (aFi/az)i Az AF1 (h)
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v. Using ,5,! in (3), solve for Fi.The value of (,y,) used
for the first point is that of & theodolite caMuptation.

vi. In (4 ) solve for:

ai - (aFj/ax)j - Xi + u, /-r0

bi . (ayi ylaý. - + ul -,ro
ci - ¢(aIla + ui "/ro.

thus getting four equations with tlree unkaowns in 'the form:

aiAx +bi Ay + ci At - i •

and solving these by the method of determinants.

vii. Then puttinj I + Ax a , etc., the problem beginning with (3)
was iterated with (1,y,"Z) until Ax, by, Az, and AFi---.- 0. After a safficient
number of iterations the resulting values of xi, Yj, and zi were tabulated
together with their arithmetic meonr which values x,,',z were considered to
represent the most probable position of the sailplane or nearest possible
approximation to the true por'ition. This position was them used as the
P(,3,:) for the coputation of t..e next 5-gecond point, and so on, with a
further refinement presently described, to the end of the data.

It was known that there were certain errors in the phasa•meter and
recording apparatus of the Raydist system that affected the reliability of
the recorded data. Further, a possible error in numbering a savtooth would

be propagated through the entire prooiem thus resulting in serious errors
in the positions. Thus it was necessary to have some check on the relative
accuracy of the determination as well as some means of correcting for an
error in numbering. These requirements made the coainS problm especially
difficult and involved. Dovd coded an elaborate su3-routine vhich
computed the corrections to be applied wo the values Rj in order that
P (xyi•,zi) 5 P(xy,.); and applied norse corrections -o the values R
of t e next 5-second point. The process vaj repeated fcr that point, tie
corrections determined, applied to the next point, etc. The values x.y.z andxi,ypzi were tabulated together vith the flight and frme* number.

Accuracy of results. It was found that the path of the sailplane
")ased on Raydist, and determiued by SWAC, differed fraom that determined by
photo-theodolites by 100 to 1000 ft in x or y but by' 100 to 3,000 ft or
more in Z. It was believed that the large errors in Z were caused by the
fact that the hyperboloids, described by the phasemeter readings and
treated by the above equations, intersected in a very small angle in the
vertical, thus making the determination of Z extremely sensitive to inevitable
error& of measurement. Also, the occasional choice of rt-ative values of Z
or of an abrupt displacement of the path in the (xy)-plane appear to be a
result of such ambiguities of the computational techniqgc. Gaps in the

*in continuity with theodolite frame numbers for the same flight.
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Raydist path appeared where the data could not be recorded because the brush
recordings vere indistinct. A punching error in the fractional part of the
phasemeter (savtooth) reading resulxed in the point being displaced fro
tae smooth ctrve joining adjacent points and could be corrected for. '1here the
path ws abruptly displaced by 1,000 or 2,000 ft. parallel to itself, the
useful.ess of the data wva relatively unimpaired since it still provided
velocity data of a sufficient degree of accuracy. The ,dlst data, then,
provided two-dimensional trajectory data that voreadequate for position and
velocity determination in the (xy)-plane but not in the vertical plane.
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APhMIX B

ALTI1Y

Introduction.

Appendix B :as been added as a background and supplerent to CLapter
9. Pressure parameters and the methods of pressure-heirht computations are
discussed with examles. The final section describes the effect of lee waves
on radiosonde balloon measurements.

Altimetry.

Standard atmosphere, prezsure altitude, and D value. One of the most
useful and intu.tively sati4'Lng concepts in meteoroloo" 13 that of a
realistic standard atmosphere to aerve as a reference for the changing rela-
tions omong pre-,sure, te prr.tzre, and altitude in the verticcl. The U.S.
Standard Atmosphere Is sumarized &a follows:

Pressure ; at mean sea level (Z a 0) a 1,013.25 mb or 29.92 in.

Teeperature TP at mean -ea level (Zp - 0) - + lrC.

Lapse rate of temperature in troposphere = + 6.50C ter km.

Tropopause at Zp - 35,332 ft, p = 234 mb, T. - - 55 0C.

Lower stratosphere: T. - - 55°C (isothermal).

Acceleration of gravity: gp - 980.665 cm sec- 2 at any 9 and any Z.

The air is assumed to be a perfect gas, to contain no water vapor, and to be
in hydrostatic equilibrium. Pressure altitude, Z7., is sirVly the altitude
at which a given pressure is found in the U.S. Sthndard Atmosphere; aay
pressure is uniquely defined by its pressure altitude and vice versa. A
similar one to one relatiorship exists between standard temperature Tp and
either p or Zp in the troposphere.

Bellamy (1945 ) has introduced the parameter S*, the "virtual
temperature anomoly" defined by

S* w where T- d P T

where m' a molecular weight of air
md = molecular weight of dry air
S acceleration of gravity
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By this meanes the actual height difference or thickness between two isobaric
surfaces can be expressed as

AZ -a) - )

Bellam also Introduced the "altimeter correction" or D value defined
by D a Z -ze.,to represent the difference between the actual height of a
pressure aurlace at any point in the real atmosphere from its ..eight in the E,

Standird Atmosphere. As such# it is an extremely useful para&et2r in both
meteorological analysis and aircraft flight operations. It simplifies and
coordinates three-dimensional pressure analysis: on isobaric charts contour
lines of constant Z can be made more meaningful when re-labeled according to
their equivalent D values; and in a vertical cross section it is the best
representation of the pressure field, contours and isobars both being im-
practicable. This single parameter, while defining the three-dimensional
pressure field, carries in its snalyzed pattern of isoline. inferences of the
temperature and wind fields as veil. In this coonection the following famil-
iar formulas have been derived by Bellay:

Hydrostatic equation: aD/a2ý a S* and

D2 - /21S* S5 d . 2 ( - h.1)

Geostrophic wind equation: Vg = - (&/22sin9)(aD/an)p

In the horizontal plane or on a constant pressure (isobaric) surface
above the friction layer the geostrophic wind blovs along the D lines with
low values of D to its left (northern hemisphere) and with a speed propor-
tiot.,al to the isobaric gradient of D.

In the vertical plane, D increases with height when the mean tespera-
ture of the layer is warmer than that of the Standard Atmosphere and de-
creases with height when the mean temperature of The layer is colder than
that of the Standard Atmosphere and at a rate proportionaL to the differenoe.
Maxima and minima of D in a vertical air column are found where the actual
sounding crosses the Standard Atosphere sounding. The speed of the geo-
strophic wind component normal to the vertical plane is proportional to the
isobar!, gradient of D in the planep and its direction into or out from the
plane is determinable from the direction of the isobaric D gradient in the
plane.

Two graphs for determining D values from surface and upper air pres-
sure data are shown in Figs. B.1 and B.2. In Fig. B.1 the relationship saong
surface pressure (p), pressure altitude (z.,), D value, and altimeter setting
(A), at the Bishop Weather Bureau station Is plotted in such a way that given
any one of the four quantities the other three can be readily found. In Fig.
B.2 the D value corresponding to any height of the standard isobaric surfaces
can be quickly determined from the coded values of the heights as given in
teletype reports.

Gravity variations. At 450 latitude the value of the acceleration of
gravity at sea level ban been determined equal to 980.616 ca per sec. From
the Smithsonian Tables (1951) the follouing formulas are applicable to the
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In genral, X w R\ig ithere ld. specific gas constant for drq air. if
a is taken equal to 980 cm s32 , K = ;.09494 geopotential feet per "K.

Th,- use of geopotential units, in which gravity is assw:.ed constant a
-,m s-2 at all latitudes and all elevations, has been adopted by the

U.3. "eather Bureau to simplify the calculation of heights from radiosonde
data. All contours on upper air isobaric charts are labeled in units of
geopotential feet. The relationship betveen geopotential heiGht and geo-
metric height In meters is given by

(2) Z .19.8 -o0 g

From this equation It can be seen that if g is less than 980 cm s"2
the true (geometric) heiAtt is greater than the geopotential height; and if g
is greater than 980 cm s"4, the trae (Seometric) height Is less than the geo-
potential height. As a cor.servative illustration of this tho following rela-
tionship, derived from page 222 of the Smithsonian Tables (1951l), holds for
latitude 370N1, that of the HiGh Sierra region; for c€orLeion purposes,
values over the equator and poles are given for the som 5 altitudes:

Table 3.1. Geopotential Height vs Geomaetric Height

V.9 o ,.90 9 3.oo I
apft ft ft ft

10, 000 9, 971' I0, 06 10# 023

20,000 1).951+ 20,022 20,059

30,flO0 29,944 30,045 30,105

40,000 39,944 40,081 40,158

50,000 49,954 50,125 50,223

Over the United States the differences betveen geometric and geopo-
tential heights are relativ'lwy negligible for all practical purposes, the
error due to the variations of c 2robably being of the sane order of magni-
tude as the error in determining T from temperature and humidity measure-
ments.

Since pressure altitude in the Standard Atmosphere is actually in
terms of a special unit of geopotential (& * 980.665 cm s- 2 ) the thicknesses
for the Standard Atmosphere are also s t different from geopotential
(radiosonde) heights and rather more from true (geometric) heights even if
the mean temperatures are those of the Standard Atmosphere, To sumarize
these somewhat trivial differences by means of equation (1) the folloving
formulas are listed:
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True or geometric height: AZ - Rd/: Y In P./P2

Sta dard Atmosphere: /P RdP T, 'n 2

Geop tential or radiosonde: A Rd/9.c " in p/p

The much more important relationship between geometric altitude (or
ceopotential altitule if g = 980) and pressure altitude can be represented by

(3) -

In the real atmosphere the effect of teuperature on actual thickaesses I
between pressure surfaces is fzr greater than the effect of differences of
gravity. Some implicatiors of equations (1), (2), and (3) relevant to
aircraft operations and Aeteorological measwe.-x.%.s are:

1. If the true 3eometric height above sea level of a sailplane or
radiosonde balloon were precisel'- determined by trimanglation at latitude
370N, and altitude 4,L;,0.3 ftt, if furthermore t:.e vertical teqcrature-pressure
rounding from the -1-o1:nd to tihe :ail;lanc or toolaon uere precisely knoim, and
if there were no vertica, accelerations in the air crolun, the Ze.-metric height
would exceed the cc:.ute4 gcepotential height •y a:)out 1•2 ft.

2. If in the above example the temperature-pressure curve were exaztly
that of the Standard Atmosphere the geopotenti.l! altitudes and the pressure
altitude vould be nearly eltual (t2 ft) at all levels while the geometric
altitude would exceed them by the amounts in Teble B.1. Thus the D value at
45 ,,000 ft determined by a tracked radiosonde balloon would be either 0 or
+102 ft, depending on v.hether Z or Z were used. (In general practice it is
Za that is used.)

3. Neglecting tht" small diffe" ence between true gravity and a standard
gravity, in equation (3), If the mean tesperature of the air colam between
two isobaric surfaces is warmer (colder) than that of the Standard Atmosphere
the geometric or geopotential distance or thickness between those two
surfaces is greater (less) than that of tU e Standard Atmosphere by the same
proportion a& the respective mean temperatures.

Effects of lee ira7.'es on rvdiosonde ascents. If a radiosonde balloon
wex e released from the east slo3x of the Sierra into the streamline and
.emperature field3 of a stronr .. e wave, it would encounter ,a-ccessively a
donrdraft, a trough, an updrrft, a crest, a downiraft, and so on, while
gererally rising and driftir.,, ao .--is'-rexa. The rciLeti-n "soauiding" would be
s ib ect to misinterpretation if -:nsider'ed to be ye.; zal. To see this,
o te can imagine that Ln its traverse of the downdraft re.ion the balloon

i 11 encounter each successive 0 zurface at a lover altitude vntil it reaches
t. -. trouGh and, corsequentl., the Q ascenlant is exe-gaerated so that the
" oundinA'" appears more stable ta= is any true vertical sounding in the
vnve flmnt. I2 the balloon'c t.averse of an updraft reion, the reverse is

trute; each successive Q su-rface i. encountere: at a higher altitude until
the crest is reached and the "soL.ding" appea-s nearer to the adiabatic lapse
rate than any true vertical soundrn, in the flow. The coaputcation of heights
of pressure surfaces from thcee ItA, however, leads to values which are
conservative with resrect to those "h..iah would result from ve-tical sound-ings
in either a trouah or crest, aid .ha-efore would not dýiffer Greatly from I
th-se of nearby (upwind) stations in undisturbed flow.


